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ABSTRACT
The use o f self-consolidating concrete (SCC) in the concrete industry in cast-in-place 
applications, including repair applications, is growing given the various advantages offered in 
both fresh and hardened states. The present study deals with the design and performance o f 
fiber-reinforced self-consolidating concrete (FR-SCC) as a repair material o f concrete 
infrastructure. The study also considers the use o f various steel and synthetic fibers (five fibers 
in total) that were used to produce FR-SCC and fiber-reinforced self-consolidating mortar 
(FR-SCM) that can be employed for structural and non-structural repair applications. The 
study evaluates the effect o f material properties and mixture composition o f  the fibrous 
concrete and mortar on workability, mechanical, visco-elastic, durability, and structural 
behavior. The investigation that is presented in this thesis included the testing o f  28 full-scale 
beams under four-point flexural loading. The majority o f these beams were repaired by casting 
concrete to fill a relatively thin section along the tension zone o f  the beams. The repair 
technique was based on the FR-SCC characteristics including the maximum fiber volume and 
length. This technique required mixtures o f  high range o f fluidity. The optimized FR-SCC and 
FR-SCM mixtures exhibited excellent flow characteristics along the 3.2-m long beams without 
blockage, segregation, nor debonding at the interface o f repair-substrate concrete. Based on 
the structural characteristics o f  the composite beams, the overall performance o f  the beams 
repaired using the FR-SCC and FR-SCM was similar or higher (up to 2.6 times) than that o f 
monolithic beams made with conventional vibrated concrete (CVC). The use o f  optimized FR- 
SCC mixtures enabled the replacement o f  50% o f the tension steel reinforcement in repair 
sections; i.e., the number o f  bars in the tension zone decreased from three bars to two bars 
with the addition o f fibers in the SCC without mitigating structural performance. The degree 
o f  prediction o f crack width, cracking load/moment, ultimate loads, and deflection o f  various 
FR-SCC and FR-SCM mixture was evaluated using several design and code models. The 
results indicate that these code models can provide safe predictions for crack and ultimate 
loads, as well as crack width o f FR-SCC. The deflection o f  FR-SCC is unsafe but predictable 
by these code models.
In total, 18 large-scale beams were tested in four-point for flexural creep. FR-SCC 
incorporating steel fibers combined with expansive agent provided overall performance up to
10 times o f that obtained with CVC with the same fiber type and volume. The cracking under 
constant load was reduced by 60% to 80% using self-consolidating fibrous mixtures made 
with or without expansion agents, compared to SCC without fibers.
The best combination to reduce the cracking potential when the restrained shrinkage ring test 
was employed was obtained with SCC mixtures made with steel fibers and expansive agent. 
Models were elaborated to predict the time-to-cracking for FR-SCC and FR-SCM mixtures 
based on mixture modulus o f elasticity and drying and autogenous shrinkages.
The project involved extensive testing o f  highly flowable fibrous materials to determine 
drying shrinkage (nearly 260 prisms), modulus o f rupture (nearly 180 prisms), as well as 
compressive and splitting tensile strengths and elastic modulus (nearly 2100 cylinders). Based 
on the results, models were proposed to predict these key material properties that affect the 
performance o f FR-SCC and FR-SCM used in repair applications.
In addition to FR-SCC, the investigation also was set to evaluate the feasibility o f using fiber- 
reinforced superworkable concrete (FR-SWC) in construction and repair applications. Such 
highly flowable concrete that requires limited vibration consolidation can represent some 
advantages over FR-SCC (lower admixtures demand, lower risk o f segregation, greater 
robustness, lower formwork pressure, etc.). The energy needed to ensure proper consolidation, 
using either vibration or rodding, applied on samples made with FR-SWC was determined. 
The energy requirement took into consideration the development o f mechanical properties, the 
resistance to segregation, and the development o f proper surface quality. The study also 
demonstrated the higher overall structural performance o f optimized FR-SWC compared to 
the corresponding FR-SCC mixtures.
The findings o f the thesis on the design and performance o f highly workable fiber-reinforced 
cementitious materials should facilitate the acceptance o f  such novel high-performance 
material in infrastructure construction and repair applications.
Keywords:
Beam, blockage, consolidation, concrete, construction, cracking, flexural creep, fibers, 
rehabilitation, repair, restrained shrinkage, rheology, segregation, self-consolidating concrete, 
self-consolidating mortar, superworkable concrete, viscosity, workability.
SOMMAIRE
L’utilisation du beton autopla9 ant (BAP) dans l’industrie du beton dans les applications du 
coulage sur place incluant les applications de la reparation, est en croissance vu les divers 
avantages offerts a l’etat frais et a l’etat durci. La presente etude traite de la conception et la 
performance des betons autopla9ants fibres (BAPF) en tant que materiau de reparation des 
infrastructures en beton. L’etude considere egalement l’usage de differentes fibres metalliques 
et synthetiques (cinq fibres au total) qui ont ete utilisees pour produire des BAPF et des 
mortiers autopla9 ants fibres (MAPF) pour des applications de reparations structurales et non 
structurales. L ’etude evalue l’effet des proprietes du materiau et la composition des betons et 
mortiers fibres sur l’ouvrabilite, les proprietes mecaniques, viscoelastiques, de durability et le 
comportement structural. L’etude presentee dans cette these a inclus 28 poutres a grande 
echelle testees sous un chargement flexionnel a quatre points. La majorite de ces poutres a ete 
reparee par le coulage du beton pour remplir une section relativement mince tout au long de la 
zone tendue des poutres. La technique de reparation a ete basee sur les caracteristiques des 
BAPF incluant le volume maximal et la longueur maximale de fibres. Cette technique a requis 
des melanges de haut niveau de fluidite. Les BAPF et MAPF ont exhibe d ’excellentes 
caracteristiques d ’ecoulement le long de 3,2 m, la longueur de la poutre, sans blocage, 
segregation, ni decollement a 1’interface entre le beton de base et le beton de reparation. En se 
basant sur les caracteristiques structurales des poutres composites, la performance globale des 
poutres reparees en utilisant les BAPF et les MAPF etait similaire ou superieure (jusqu’a 2,6 
fois) que celle des poutres monolithiques fabriquees d ’un beton conventionnel vibre (BCV). 
L’utilisation des melanges de BAPF optimises a permis de remplacer 50% du ferraillage tendu 
dans les sections de reparation; c ’est-a-dire que le nombre des barres d ’armatures dans la zone 
tendue a reduit de trois barres a deux barres avec l’addition de fibres dans le BAP sans mitiger 
la performance structurale. Le degre de prediction de la largeur de fissures, charge de 
fissuration, charge ultime et deflexion de differents melanges de BAPF et MAPF a ete evalue 
en utilisant quelques designs et modeles de codes. Les resultats ont montre que ces modeles 
ont pu foumir de predictions securitaires pour les charges de fissuration et ultime, ainsi que la 
fissuration des BAPF. La deflexion des BAPF est non securitaire mais reste predictible par ces 
modeles de codes.
En total, 18 poutres a grande echelle ont ete testees en fluage flexionnel de quatre points. Des 
BAPF contenant des fibres metalliques combinees avec un agent expansif ont foumi une 
performance globale jusqu’a 10 fois celle obtenue avec un BCV contenant le meme type et 
volume de fibres. La fissuration sous une charge constante a ete reduite de 60% a 80% en 
utilisant des melanges autoplasants fibres fabriques avec ou sans agents expansifs, par rapport 
au BAP sans fibres.
La meilleure combinaison pour reduire le potentiel de fissuration avec l’essai du retrait 
restreint a ete obtenue avec des melanges de BAP contenant de fibres d ’acier et un agent 
expansif. Des modeles ont ete elabores pour predire le temps de fissuration des melanges de 
BAPF et MAPF bases sur le module d ’elasticite du melange et les retraits de sechage et 
endogene.
Le projet comportait de nombreux essais sur les melanges fibres de haute fluidite a savoir la 
determination du retrait de sechage (pres de 260 prismes), le module de rupture (pres de 180 
prismes), ainsi que la resistance en compression, la resistance en traction et le module 
d ’elasticite (plus de 2100 cylindres). En se basant sur les resultats, des modeles ont ete 
proposes pour predire ces proprietes cles qui affectent la performance des BAPF et MAPF 
destines aux applications de reparation.
En plus des BAPF, l’etude a aussi ete faite pour evaluer la faisabilite de l’utilisation des betons 
semi-fluides fibres (BSFF) dans les applications de construction et de reparation. Tels betons 
de haute fluidite requerant une consolidation limitee peuvent presenter certains avantages par 
rapport aux BAPF (plus faible demande en adjuvants, plus faible risque de segregation, 
robustesse superieure, plus faible pression sur les coffrages, etc.). L ’energie necessaire pour 
assurer une propre consolidation, en utilisant soit la vibration ou le piquage, appliquee sur des 
echantillons de BSFF a ete determinee. Les exigences de cette energie considerent le 
developpement des proprietes mecaniques, la resistance a la segregation et la propre qualite de 
surface. L’etude a aussi demontre une performance structurale globale superieure des BSFF 
optimises par rapport aux melanges de BAPF correspondant.
Les conclusions de la these sur le design et la performance des materiaux cimentaires 
renforces de fibres et de haute fluidite devraient faciliter l’acceptation de tels nouveaux
materiaux de haute performance dans les applications de la construction et la reparation des 
infrastructures.
Mots cles:
Beton, beton autoplafant, beton semi-fluide, blocage, consolidation, construction, fibres, 
fissuration, fluage flexionnel, mortier autopla5 ant, ouvrabilite, poutre, rehabilitation, 
reparation, retrait restreint, rheologie, segregation, viscosite.
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Chapter 1: Introduction
CHAPTER I INTRODUCTION
1.1 Background
Many infrastructures across the world , exist in advanced state o f degradation because o f 
mechanical and physical factors such as surface degradation (abrasion, erosion, cavitation, 
impact, and scaling), internal cracking (crystallization, permanent or excessive structural 
loading), and exposure to extreme temperatures (such as fire and freezing). Viaducts, parking 
and many other structures are threatened by unexpected collapse at any time without being 
able to predict time o f their collapse though the use o f  very sophisticated destructive and 
nondestructive apparatus. Thus, this results in heavy human losses and material damages. The 
loss o f infrastructure also leads to painful economic damage. Thus, a partial repair that can 
shorten the duration o f rehabilitation would be better than a total demolition and 
reconstruction.
The partial repair procedure can be processed to extend the structure lifespan with ensuring at 
least the same mechanical and durability properties than those o f the existing concrete. In this 
repair, a total demolition and the associated expansive economic consequences can be avoided. 
The repair efficiency depends on the quality o f the repair material and its capacity to fill the 
section to be repaired and to cover the reinforcement. The efficiency also varies with the repair 
method and the compatibility between the substrate and the repair material to ensure a long­
term total bond between the two materials. In addition, the capacity o f the repair material to 
completely fill the restrained spacing is function o f  its capacity to flow, type o f repair material 
(concrete, mortar, grout, etc.), width o f  the repair zone, and steel reinforcement density in this 
zone.
Until nowadays and though their adequate mechanical strengths, the existing materials 
including concretes with/without fibers used for repair o f concrete infrastructures are 
expensive in terms o f  required labor and equipments (vibration, pumping, etc.), placing, and 
execution time. On one hand, the difficulty in placement o f  these concretes accompanied by 
blockage in the highly reinforced or narrow areas (including repair o f damaged structural 
elements) results in a lacuna. On the other hand, most materials are applicable only for the thin 
repair layers; the application o f others requires special precautions for placement (protection 
from air, sunlight, high temperatures, etc.) and curing (qualified labor, more material needs,
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and supplementary costs). In addition, the majority o f these materials are not designated for 
the structural purposes; their role is restricted in the protection o f reinforcing steel bars, filling, 
or esthetic purposes. Besides, the placement o f materials having adequate mechanical 
strengths which are necessary for the repair (such as CVC with or without fibers) is often 
difficult given their low workability; for example, the repair in the restricted zones where the 
consolidation o f concrete cannot be done by vibration. Therefore, it is necessary to use more 
flowable mixtures to ensure good filling capacity. The choice o f highly flowable repair 
material also requires a special attention on its stability. Indeed, the mixture instability can 
increase the risk o f blockage during flow on the first hand, and decrease the bond strength 
between the repair material and both substrate and reinforcing bars due to the bleeding. 
Therefore, good stability and high filling capacity o f  the repair materials are the main key 
requirements for the successful repair work, especially in the case o f  beams.
The use o f  high-strength concrete strength is often not sufficient if  the ruin behavior occurs in 
brittle manner. Indeed, high strength, long lifespan, and ductile response o f  concrete make a 
priority and efficient solution in the concrete industry. In addition, easy o f placement, short 
execution time, and economic materials are required in some situations such as confined areas 
or highly reinforced sections. For repair, the use o f workable and stable materials is also 
recommended to prevent blockage and increase the bond quality between the repair material 
with both substrate and steel reinforcement. Given the high workability, adequate mechanical 
properties, and high durability, self-consolidating concrete (SCC) can be used in such 
construction and repair applications. Actually, SCC is increasingly used for many applications 
throughout the world. In some cases, SCC or self-consolidating mortar (SCM) containing high 
paste volume do not satisfy all required criteria and can engender early-age cracking due to 
drying shrinkage. In this case, the use o f fibers in SCC can be a good solution on these 
problems and offer better absorption o f cracking energy, higher ductility, and higher tensile 
strengths than non-fibrous concretes. In addition, steel fibers increase shear capacity (strength) 
o f the structural elements such as beams. The incorporation o f fibers has an influence on both 
workability and mechanical properties o f  SCC, which depends on the physical, mechanical, 
and geometrical fiber characteristics. It is important to select an adequate volume o f fibers to 
ensure all the benefits mentioned above and yet high workability.
2
Chapter 1: Introduction
The combination o f  both the benefits o f using SCC (high workability, good stability, ease o f 
placing, minimal blockage during casting, high strengths, economy, etc.) and those o f fibers 
(high ductility, good tensile strength, minimum shrinkage and cracking, etc.) can meet most o f 
all the needs for successful rehabilitation o f concrete infrastructures. In other words, the 
singular properties o f both SCC and fibers, namely fiber-reinforced self-consolidating 
concrete (FR-SCC) can have a synergetic effect on both fresh and hardened properties. 
Similarly, fiber-reinforced self-consolidating mortar (FR-SCM) can also be used for the repair 
o f structural and non-structural concrete elements.
For the construction o f concrete infrastructures, the FR-SCCs are not required to be used with 
high workability in most cases for many considerations. The use o f  fibers tends to increase 
dosage o f  chemical admixtures. Casting o f FR-SCC with high fiber volume can be carried out 
without risk o f blockage if  a certain level o f consolidated is applied. The mechanical 
consolidation o f  fibrous semi-flowable concrete, also known as fiber-reinforced 
superworkable concrete (FR-SWC) can be considered to be economical compared to SCC in 
terms o f lower risk o f segregation, formwork pressure characteristics, and requirements for 
chemical admixtures; greater robustness, surface quality, and mechanical properties.
Many test methods, which use standard and modified devices adapted to the nature o f these 
fibrous mixtures, were carried out to optimize the best FR-SCC mixture proportioning. In this 
study, full-scale beams were chosen as a frequently met in -s itu  model o f a structural element 
exposed to concrete degradation and loaded in flexure.
1.2 Objectives
The overall objectives o f the experimental program undertaken in this thesis were to acquire 
sufficient knowledge on the main properties o f  FR-SCC and FR-SCM designated for the 
repair o f concrete infrastructures as well as fiber-reinforced superworkable concrete (FR- 
SWC) for infrastructure construction. The main investigated properties include workability, 
mechanical properties, durability, visco-elastic properties (flexural creep, drying and 
restrained shrinkages), structural performance in flexure, and a protocol o f  mechanical 
consolidation o f  FR-SWC. This study provided a great vision on the advantages o f these repair
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materials and their possible applications and promoted their more often use in the concrete 
industry.
The specific objectives are as follows:
1. To investigate on the influence o f concrete type, fiber type, and fiber volume (as study 
parameters) on fresh, hardened and structural properties o f FR-SCC, FR-SWC, and 
FR-SCM.
2. To develop and optimize FR-SCC, FR-SWC, and FR-SCM providing high workability 
and high stability in presence o f medium and high fiber volumes. New concept o f  mix 
design method was used to maintain high fluidity o f  these fiber-reinforced mixtures by 
incorporating a certain volume o f  fibers replacing a certain volume o f coarse aggregate 
in a way that the mortar layer covering both components must be maintained. This 
relationship is based on both the coarse aggregate and fiber characteristics.
3. To perform full characterization o f the FR-SCC.
4. To develop and validate a new simple and economic technique for the repair o f 
concrete infrastructure adapted to the fluidity range o f  FR-SCC and FR-SCM mixtures. 
To predict most investigated properties to contribute in development o f 
recommendations, guidelines, and performance specifications o f FR-SCC and FR- 
SCM.
1.3 Organization of thesis
This thesis is divided into 14 chapters including introduction (Chapter 1), literature review 
(Chapters 2 to 4), and 10 other chapters for the experimental program, test results, discussion, 
predictions, and conclusions, as shown in diagram o f Fig. 1.1; each chapter describes in details 
the mixtures used for each mixture, test parameters, preparation procedures, and the necessary 
setup used for each test method to investigate a given property. In most chapters 6 to 12, 
workability and rheological parameters were asseced. The main properties o f  FR-SCCs were 
investigated. The SCC, SCM, FR-SCM, CVC, fiber-reinforced conventional vibrated concrete 
(FR-CVC), and fiber-reinforced concrete-equivalent mortar (FR-CEM) were used as reference 
mixtures.
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CHAPTER 2 DEGRADATION AND REPAIR OF CONCRETE 
2.1 Durability and degradation of concrete
2.1.1 Introduction
Concrete is the most used material o f  construction in the world. A porosity ratio is included 
between the constituents o f the hardened concrete matrix. The hydrated cement paste contains 
a basic solution which protects the steel reinforcement. The gaseous or liquid bodies can 
penetrate through concrete pores and modify the interstitial solution o f  cement to decrease the 
protection against corrosion. Concrete can be deteriorated under the effect o f  physical and 
chemical actions, or others such as reinforcement corrosion, alkali-aggregate reactions and 
destruction by freeze-thaw cycles [GAGNE, 2009].
It is important that every concrete structure should continue to perform its intended functions 
and maintain its required strength and serviceability, throughout the specified or expected 
service life. Until recently, developments in cement and concrete technology have 
concentrated on achieving higher and higher strengths. Both strength and durability must 
explicitly be considered at the design stage [NEVILLE, 2000].
2.1.2 Causes of degradation of concrete
The deterioration can be due to either external factors or the internal causes within the 
concrete itself under physical, chemical, or mechanical actions. M e c h a n ic a l damage is caused 
by impact, abrasion, cracking, erosion, cavitation, or contraction. C h e m ic a l causes o f 
deterioration include carbonation, alkali-silica, alkali-carbonate reactions, and efflorescence. 
External chemical attack occurs mainly through the action o f aggressive ions, such as 
chlorides, sulfates, or a carbon dioxide, as well as many natural or industrial liquids and gases. 
P h y s ic a l causes o f deterioration include the effects o f high temperature or o f differences in 
thermal expansion o f  aggregate and o f  the hardened cement paste. The alternating freezing and 
thawing o f  concrete and the associated action o f  the de-icing salts are important causes o f 
deterioration. Physical and chemical processes o f deterioration can act in a synergistic manner, 
such as the effect o f see water on concrete [NEVILLE, 2000].
GAGNE [2009] summarized the two main causes o f  concrete degradation as follows:
6
Chapter 2: Degradation and repair o f  concrete
- Surface degradation: abrasion, erosion, cavitations, and scaling;
- Interne cracking: humidity or temperature gradient, crystallizing pressures, structural loading, 
exposure to extreme temperatures (freezing, fire).
The author [GAGNE, 2009] also summarized the principal degradation origins in the 
following points:
- Climatic and environmental factors including the changes in concrete structures according to 
climatic conditions and type o f exposure to aggressive agents. At cold temperatures and high 
humidity, internal cracking due to freeze-thaw, spalling due to de-icing salts, reinforcement 
corrosion, and alkali-aggregate reactions can be induced. At Warm temperate and humid, 
aggressive water attack and alkali-aggregate reactions can occur. At dry climate, carbonation 
phenomenon can appear. At marine environmental, sea water attack (sulfates), reinforcement 
corrosion, glace abrasion, and freeze-thaw deterioration can occur.
- Other origins related to structure design, structure placement, characteristics o f concrete 
materials, and structure maintenance.
Thus, special care should be taken on the concrete placement methods, steel reinforcement 
placement, curing methods, formwork rigidity, design and sealing, excessive bleeding, and 
plastic shrinkage. Other important parameters affecting the durability o f concrete are 
characteristics o f  constituent materials (cement type, aggregate type, and mineral additives), 
concrete compressive and splitting tensile strengths ( f ’c and f ’sp, respectively), and water-to- 
binder ratio.
2.1.3 Degradation of concrete by transport of fluids
There are three fluids principally relevant to durability which can enter concrete: water, pure 
or carrying aggressive ions, carbon dioxide and oxygen. Durability o f  concrete largely 
depends on the ease with which fluids, both liquids and gases, can enter into, and move 
through the concrete. Permeability refers to flow through a porous medium or the mechanisms 
o f diffusion and sorption (penetrability o f concrete) [NEVILLE, 2000].
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2.1.4 Effect of continuity in pore system
The interface zone between aggregates and hardened cement paste is known as to have a 
different microstructure from the bulk o f the hardened cement paste. This interface is locus o f 
early microcracking. Permeability is significantly influenced by the interface zone but the 
significance o f the interface zone with respect to permeability remains uncertain. The 
relationship between permeability and the pore structure o f hardened cement paste is 
qualitative [ROY, 1992]. The pores relevant to permeability are those with a diameter o f  at 
least 120 or 160 nm [NEUVILLE, 2000]. These pores must be continuous. Thus, 
discontinuous pores, those which contain adsorbed water and those interconnected through 
narrow entrances are not important to permeability even if  the pores themselves are large.
Water can flow easier in capillary pores than through smaller gel pores. Pores in aggregate do 
not contribute to the permeability o f concrete because these are usually discontinuous and 
enveloped by the cement paste. The same applies to discrete air voids, such as entrained-air 
bubbles. Every fluid in concrete must cross a longest distance to cover the aggregates; this 
decreases the effective surface o f flow. This property o f increase the distance is called 
tortuosity [NEVILLE, 2000].
2.1.5 Permeability and porosity
Porosity is a measure o f  the proportion o f the total volume o f concrete occupied by pores, and 
usually expressed in percent. Permeability is related to the interconnectivity o f  voids. If  the 
pores are discontinuous or otherwise ineffective with respect to transport, then the 
permeability o f  the concrete is low, even if  its porosity is high. Permeability is characterized 
by movement o f fluids through concrete. The permeability phenomenon contains in the large 
sense three mechanisms: permeability (flow under a pressure differential), diffusion (flow 
under a differential o f  concentration), and sorption (capillary movement in the pores in 
concrete which are open to the ambient medium) [NEVILLE, 2000].
The strength o f  concrete depends mainly on the volume o f voids that contains. The strength is 
influenced by all voids contained in concrete: occluded air, capillary pores, frost pores, and 
entrained air. In addition to their volume, the form and size o f pores can also affect the
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strength. The form o f solid elements and their modulus o f  elasticity also influence the 
distribution and concentration o f stresses in concrete [NEVILLE, 2000].
In general, for a given porosity, the decrease in pore dimension results in increase o f strength 
o f cement paste. The dependence between the strength o f  hydrated cement past and porosity, 
thus distribution o f pore dimension is fundamental.
2.1.6 Air entrainment
The ACI 201.2R code recommends that water-to-cement ratio (w /c ) should not exceed 0.50 to 
ensure a good resistance to freeze-thaw for concrete. This ratio should be lower than 0.45 for 
thin sections such as bridge decks, and curbs. The air bubbles have typically diameter o f about 
50 pm and much smaller than the accidentally entrapped air.
The silica fume, at least for values up to 10% o f the composed cement content, does not affect 
the stability o f  the air bubbles’ network. The presence o f entrained air also has a beneficial 
effect on bleeding. The air bubbles seem contribute to conserve the solid particles in 
suspension, which has an effect on reduction o f sedimentation and water expulsion.
2.1.7 Effects on de-icing salts
The de-icing salts are usually applied on horizontal concrete surfaces such as road coatings 
and bridge decks which are exposed to freeze-thaw cycles. These salts are the harmful cause 
on concrete durability by effect o f  scaling. The scaling mechanism is similar to the freeze- 
thaw action but more severe. The deterioration by scaling is physical rather than chemical.
2.1.8 Concrete pathology
Despite its vast use, concrete suffers, over time, from several diseases from climatic origins 
according to the environment in which concrete is exposed, from physical origins according to 
the applied loads, or yet intrinsic origins o f  concrete itself according to its composition. The 
main weakness o f  concrete in hardened state is its high permeability to external bodies that 
can deteriorate it. The concrete deterioration is more or less serious and its velocity is more or 
less fast dependency to its permeability degree, exposition conditions, and its composition. In 
some detail, reinforced concrete constructions are in contact with atmosphere, water (river, sea,
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etc.), or soil. These environments contain gas or liquids bodies that can enter into concrete and 
modify its characteristics, especially the chemical composition o f the interstitial solution. 
Among the most known aggressive agents, there are: pure water, chloride in water, carbon 
dioxide CO2 in atmosphere [CEFRACOR, 2009], Corrosion is the most known aspect o f 
concrete degradation is discussed below.
The main concrete pathologies are: attack by lixiviation, presence o f impurities such as grains 
o f lime or magnesia in cement or aggregates, presence o f pyrite in aggregates, alkali-aggregate 
reactions (Fig. 2.1), and corrosion (Figs 2.2 to 2.6).
Fig. 2.1 Degradation o f concrete du to Fig. 2.2 Steel reinforcing corrosion on
alkali-aggregate reaction [KHAYAT, 2006] surface o f wall [KHAYAT, 2006]
2.1.9 Reinforcement corrosion
The steel reinforcing bars exposed to atmosphere experience corrosion before they are placed 
into formwork. After casting, the mixing water penetrates through the rust pores where it 
forms progressively the calcium ferrite (4.Ca0.Fe203.13H20). This water reacts with the steel 
and forms a thin layer o f iron hydroxides [Fe(OH)2] and calcium hydroxides [Ca(OH)2]. These 
products, near steel, provide to the interstitial solution o f concrete a high pH (around 13). This 
range o f pH lets concrete an alkaline environment which is convenient for the steel 
reinforcement. The reinforcement is covered by a passive film o f solid solution (Fe3C>4 - 
Fe203Y) contained in the water mixing. If cracks reach the reinforcement, this protection 
disappears because the interstitial solution disappeared too. The corrosion o f the steel 
reinforcement can initiate if  this passive film is destroyed or if the pH o f the interstitial
1 0
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solution becomes lower than 12. However, corrosion cannot induce if  the atmosphere is dry 
(relative humidity, RH, lower than 40%) or if  concrete is totally immersed in water 
unventilated (without oxygen). RH o f between 70% and 80% is the most favorable for 
corrosion. According to GAGNE [2009], damages due to corrosion are manifested by 
expansions which lead to formation o f cracks causing a debonding (delamination) o f concrete 
cover and a decrease in the effective diameter o f the reinforcement.
Portland cement concrete can provide an excellent protection from corrosion o f reinforcement. 
When corrosion appears, repair costs can be excessively high. Use o f high-quality concrete, 
adequate reinforcement cover, and good design are prior necessary to minimize corrosion 
[ACI 201,2001],
Depending to the oxidation state, the iron metal can form oxides whose volume can be up to 6 
times o f  the initial volume as illustrated in Fig. 2.3. The reinforcement corrosion occurs 
frequently in the following elements: pats o f buildings (acroterions, balconies, and terraces), 
columns, beams, slabs, parking constituents, structures, precast structures (such as the power 
lines poles), bridges, silos, and canalizations.
Fe
F«0 ]
F4 O3
Fe(OM) 2
F*(OH ) 3
FetOHjj 3HgO
V o lu m e , c m 3
Fig. 2.3 Relative volume o f iron oxidation products [METHA, 2006]
Therefore, the corrosion process can be summarized through two phases:
- Phase 1: priming or progressive depassivation which can be generated by carbonation (low 
pH) and penetration o f  chloride ions;
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- Phase 2: rust propagation. Formation o f the oxidation products results in swelling leading to 
cracking in concrete.
In practice, it is important to limit the chlorides content, especially in carbonated concretes 
where pH is ranged 9. In this case, very low chlorides content can result in depassivation o f 
the steel reinforcement. In the most cases, the main responsible in reducing pH in concrete is 
the carbonation which is generated by reaction between air CO2 and some concrete 
constituents, to form, among others, the calcite (CaCCb). The maximum carbonation velocity 
occurs for humidity included between 40% and 80%. The carbonation progress can be 
decelerated using the following preventive measures:
- increasing cement content;
- reducing or using an appropriate w/c;
- increasing curing duration;
- inc reasing /’c;
- use o f mineral additives;
- respect o f the cover thickness;
- use o f corrosion inhibitors.
2.2 Repair of concrete structures
The concrete repair aims to maintain the structure functionality and prevent high costs related 
to the total rehabilitations o f the damaged structures. Hence, it is necessary to proceed to a 
partial repair rather than a total destruction for economical and practical reasons. So the repair 
procedure aims to prolong the lifespan o f  structures. This procedure must be economic and 
effective.
The structure repair makes an entire part o f  civil engineering works. The repair procedure is 
necessary in some cases, but becomes obligatory in other ones, especially with the serious 
concrete degradations, and when the element to be repaired cannot bear more loads, its 
demolition is difficult, or it makes a problem at esthetical, functional, or mechanical levels. 
The US government has spent approximately 16 to 24 billon dollars (with a yearly cost o f 400
1 2
Chapter 2: Degradation and repair o f  concrete
million dollars) for the repair tasks. In Canada, the costs are estimated to 5 billon dollars to 
repair infrastructures affected by corrosion [GAGNE, 2009],
The repair procedure knew during the last years a rapid evolution. The specialists discover 
until our days new repair techniques, new repair materials, and new repair equipments for 
different applications on structures or parts o f  structures. The repair procedure must be 
effective, prompt, reliable, functional, resistant, durable and economic.
The repair procedure is divided into two families: profound repair or partial reconstructions (to 
restore the structural integrity o f structure or part o f structure), thin repair (to protect concrete 
or reinforcing bars from external aggressions or restore the esthetical aspect) [GAGNE, 2009],
2.2.1 Main surface repair materials
Some repair materials for different applications were reported by GAGNE [2009] and can be 
summarized as follows.
A) Portland cement mortar
This material is used to repair the minor surface defaults when there is no critical 
consequences on the structural performance. The surface curing should be at least 7 d. The 
disadvantage is that the Portland cement mortar should be never used to repair old concrete 
surfaces (cracking due to restrained shrinkage).
B) Epoxy mortar
This material is formed from a blending o f sand and epoxy binder. It is applied generally on 
thin layers o f epoxy resin-based hanging binder. It contains 3 components: resin, hardener, and 
sand. The epoxy mortar has some advantages such as development o f  very early-age 
mechanical properties (5 to 24 hrs), high resistance to chemical aggressions, very high 
bonding, and dood long-term durability. However, it its application requires ensuring an initial 
temperature for placement o f at least 15°C until the first hardening. After hardening, the 
mortar must be heated (32 to 43 °C) during at least 24 hrs. Also, the hardening velocity o f the 
resin is very sensitive to ambient temperature and the mortar can not be prepared in important 
quantities. This product is too expansive and can be used when the repair depth is at most 40
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mm or when the surface to be prepared is relatively small (< 1,000 cm2). Moreover, epoxy 
resin can be used only to fill the defaults o f surface o f very low thickness (< 5 mm).
C) Expansive mortar and grout
There are two types o f  expansion with the expansive mortar/grout. The first one is expansion 
by formation o f gas bubbles which contain ingredients generating the gas bubbles just after the 
contact with water. The gas bubbles allow compensation o f all shrinkage form that can occur 
during the plastic phase o f material. However, these products are sometimes too sensitive to 
temperature and the expansion occurs very quickly (before placement) when it is hot. The 
second expansion can be generated by sulfoaluminate where, unlike the previous case (gas 
bubbles), the expansion o f products containing sulfoaluminates occurs after set and during 
hardening. The negative point is that the expansion is sensitive to humidity.
D) Conventional vibrated concrete
The profound repair with CVC is usually used when the surface to be repaired exceeds 1,000 
cm2 and the depth exceeds 150 mm, or when the repair depth exceeds 25 mm the inferior steel 
reinforcement. A good curing is essential to ensure good durability and minimize cracking due 
to drying shrinkage. Besides, the perimeter o f the repaired zone must be sawn to a depth o f at 
least 25 mm. the CVC is a very economical repair material and can be used with many 
placement techniques (use o f conventional formworks, humid shotcrete, dry shotcrete, 
pumping). However, its placement is difficult and can offer low strengths and low durability 
compared to other concrete types such as HPC and SCC.
E) Latex concrete and mortar
The latex is an aqueous emulsion o f  synthetic rubber obtained by polymerization. It replaces 
water in modified latex concretes and mortars used as repair materials for rehabilitation 
projects or as topping. It is important to ensure a good humid curing for at least 24 hrs (72 hrs 
for mortars). The latex concrete and mortar can develop early-age mechanical properties and 
offer good bonding with old concrete, good tensile strength, good flexibility, and very low 
permeability. These products are usually used for repair o f  surface defaults on walls, 
pavements, slabs, etc. The latex concretes or mortars are known by their very high durability.
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The surface cracking can be eliminated with restoring the material surface using a diluted latex 
emulsion. However, the latex concrete and mortar can be used only in concretes for slabs as 
they are very expansive. Also, the fresh concrete surface tears easily, complicating the 
finishing and curing operations. The repair must be protected from the direct sunlight.
F) Polymer concrete
This material can be manufactured from monometer types: the methacrylate (MMA or 
HMWM) and ester resin. The system includes generally a monometer containing an inhibitor 
to prevent a spontaneous polymerization, a catalyst (added during mixing) to initiate the 
polymerization, an accelerator (added during mixing) to accelerate the process, and a bag o f 
premixed aggregates. This concrete type can be used for surface repairs, thin resurfacings, 
industrial floors, internal covers o f reservoirs, etc.
The polymer concrete can offer a high resistance to abrasion and very low permeability and 
can develop early-age mechanical properties. Another advantage is that the MMA1 and 
HMWM can be placed at temperatures up to -6 °C. However, these products have to be 
avoided when directly exposed to sunlight or when subjected to sudden temperature changes.
G) Conventional concretes with epoxy resin-based link layer
The CC layer can be applied on the epoxy resin-based hinging binder. This technique can be 
used when the repair depth exceeds around 40 mm. A good humid curing is required.
H) Fiber-reinforced concrete
Different fiber types (steel, polypropylene, etc.) can be added in different concrete types to 
improve their behavior in tension, flexion, and post-cracking response. The steel fiber 
reinforced concretes are especially used for applications requiring good cracking control.
2.2.2 Procedures for repair of concrete
A) Reconstitution of concrete coating
The reconstruction aims to restore the concrete appearance with stopping the steel 
reinforcement corrosion and restoring locally the structure integrity. Before proceeding with
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this operation, it is necessary to purge and clean the concrete surface. The skinning is made 
until appearance and releasing o f  the sound steel reinforcement on the periphery, then 
protecting the steel reinforcing bars on their entire released surface using a product ensuring a 
complementary protection towards corrosion. In all cases, the steel cover must be kept thicker 
and compacter, otherwise, proceeding to concrete impregnation or protection o f  reinforcing 
bars by organic or metallic covers.
B) Cleaning of steel reinforcement
This process must be done before casting o f concrete given the corrosion cannot continue after 
casting. The effectiveness o f this procedure can be checked using the reinforcement inspection 
the next day. If there is no black traces o f  corrosion products, so the reinforcements bars have 
not been cleaned sufficiently. The corrosion cannot be stopped effectively only if  all rust 
traces have been removed.
2.2.3 Techniques for concrete repair
Many applications (especially repair techniques) using fiber-reinforced concretes (FRC) or 
fiber-reinforced concrete equivalent-mortars (FR-CEM) exist and others are proposed to the 
full production and use. In following, two recent studies undertaken at the Polytechnique o f 
Montreal are presented as examples o f new proposed precast applications using fibrous 
mixtures.
A) Use of pre-slabs as permanent formworks for repair of bridge slabs
A recent repair application [LESSARD et al., 2008] has been undertaken at the Poletechnique 
o f Montreal in collaboration with City o f  Montreal and Beton Brunet. The authors prepared 
hybrid systems o f  slab made with 50-MPa high-performance concrete and pre-slabs (as repair 
material) o f different materials including non-fibrous concrete as reference. They also used 
multi-class strength fibrous concretes (fiber volume, Vf, varied from 1% to 4%). The 
thicknesses o f the pre-slabs varied from 50 mm to 100 mm. A third-point bending test was 
used to determine flexural strength o f the slab according to ASTM C 1550.
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The authors observed a remarkable increase in stiffness and ultimate strength for the systems 
made with FRC compared to the systems without fibers. In addition, when a waterproof was 
used as part o f  pre-slab, this led to a significant increase in stiffness and ultimate load.
B) Use of precast FRC in construction and repair of parapets
CHARRON et al. [2008] used fiber-reinforced high-performance concretes (FRC) o f  multi­
class strengths, with V/ varied from 1% to 4%, to repair precast bridge parapets. These 
concretes had not flowable characteristics. The authors justified their investigation following 
the main disadvantages o f  the traditional parapets below:
1. long period o f  manufacturing;
2. early cracking due to restrained shrinkage;
3. exposition during winter to strong impact efforts by snowplows and high concentrations o f 
icing salts, so need to long lifespan;
4. massive size o f the traditional parapets giving less esthetical elements in urban 
environment;
5. social costs related to the mitigation and traffic management can reach 30% o f the 
construction budget in urban zones.
The authors found that FRC o f 120 MPa with 4% o f steel fibers and reduced section (up to 
50%) could replace 100% o f the reinforcement in a parapet compared to a reference parapet 
without fibers. These fibrous parapets provided equivalent strength, crack, stiffness, and 
ductility compared to reference parapet without fibers. In addition, the FRC parapets were 
made considering the manufacturing costs and construction time (duration reduced o f 4.5 
times).
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CHAPTER 3 FIBERS AND SELF-CONSOLIDATING CONCRETE 
3.1 Fibers
3.1.1 Definition, properties, roles, and advantages of fibers
Fibers are ingredients that can be used in cementitious materials (such as concrete, mortar, and 
grout) with different geometries (straight, crimped, with hooked ends, with deformed ends, 
fibrillated, etc.), lengths, materials (steel, polypropylene, nylon, glass, vegetable, hybrid o f two 
fiber types, etc.), and sizes (micro-fibers, macro-fibers, etc.). The use o f discrete and 
discontinuous fibers in the cementitious materials aims to control cracking due to plastic 
shrinkage and improve some to their properties such as resistance to flexure, fatigue, impact, 
abrasion, and pull-out where fibers have role o f bridging cracks and increasing stiffness. The 
effective fibers have high resistance to sliding and high resistance to rupture; however, the 
resistance to rupture must be higher than that to sliding. Fibers control cracking and alter the 
pre-crack behavior o f concrete. Thus, fibers improve the ductility o f the material.
However and according to NEVILLE [2000], fibers can generate additional fees related to 
their prices and placing, as well as reduction o f workability o f  fresh mixtures. Therefore, it is 
beneficial to combine the advantages o f fibers with those o f SCC (high workability, high 
strength, adequate durability, etc.).
3.1.2 Application areas
Fibers in concrete knew many applications such as bridge decks, airport runways, pavements, 
curtain walls, prestressed and precast products such as non-structural precast panels, shells o f 
complex forms, shotcrete applications, industrial floors, dams, seismic structures, and missile 
silos. Fibers can also be used for stabilization ripraps, tunnel overlays, and structure domes 
[RAMAKRISHAN et al., 1997], The applications o f fibers vary according to the fiber type.
3.1.3 Effect of fibers on fresh properties of concrete
As it is well known, longer fibers o f smaller d j  have higher performance in the hardened state 
because o f the higher specific surface area increasing bond with the cementitious matrix. 
However, this has a negative effect on workability o f  the fresh mixtures. To investigate the
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effect o f fibers on workability, fibers are considered as aggregates with extreme deviation in 
shape. Thus, it is not surprising that their inclusion decreases the workability. This makes an 
obstacle to their application. The degree in which workability decreases depends on fiber type, 
Vf, and matrix constituents’ properties [GRUNEWALD et al., 2001]. However, the 
combination between fibers and SCC improve the FR-SCC properties in fresh and hardened 
states [§AHMARAN et al., 2005]. Generally, the self-consolidating characteristics can be 
obtained with limited fiber contents and sufficient paste content allowing movement o f  fibers 
in the mixture. Other pertinent solutions can be used such as increase in cement or fine 
aggregate contents, or use o f  pozzolanic additives but this may result in an increase in 
cracking potential due to autogenous shrinkage.
§AHMARAN et al. [2005] investigated the effect o f two different combined types o f steel 
fibers on workability o f  SCC. The authors concluded that workability is function o f fiber 
properties (volume, length, aspect ratio, shape, and surface roughness). In addition, the 
incorporation o f fibers in SCC changed its rheological properties with interaction fibers- 
aggregates, that increased the internal resistance to flow, and consequently, segregation and 
blockage occurred.
KHAYAT et al. [2000] reported that inclusion o f fibers in SCC could modify significantly the 
rheological properties by their shapes, interaction with aggregates, and thus fibers increased 
the internal resistance to flow. The authors noted that the slump flow test and rheological 
parameters were not sufficient to evaluate the restrained deformability o f FR-SCC. They 
recommended the use o f filling capacity and V-funnel test methods to evaluate workability 
and resistance to blockage, especially when high Vf is used. Furthermore, for FR-SCC with 
filling capacity values higher than 30%, the caisson filling capacity test becomes more suitable 
to assess the restrained deformability than the V-funnel test. According to WALLEVIK [2003], 
the maximum value o f  SCC yield stress is 60 Pa, whereas, with FR-SCC with slump flow 
values higher or lower than 600 mm, this value can reach 100 Pa or higher than 100 Pa, 
respectively.
For each concrete type and its application, there is a limit for the Vf, to be incorporated within. 
For SCC, KHAYAT et al. [2000] obtained, with addition o f 0.5% and 1% o f fibers, an 
increase in viscosity values (h) from 8.5 to 12.2 and 21.3 Nm.s, respectively. However, the
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yield stress values remained low at 0.4 to 1.4 Nm. The obtained results showed that the critical 
maximum V/ with a given content o f admixtures was 0.5% after which workability decreased 
significantly as shown in Fig. 3.1. In a recent study [KASSIMI, 2008], Vf higher than 0.5% 
were provided fiber-reinforced semi-flowable SCCs (FR-SF-SCCs).
For a given slump flow and yield stress g, increase in Vf reduced the filling capacity and 
increased the viscosity h. Therefore, the relationship between filling capacity with both slump 
flow and yield stress depends on Vf. Moreover, despite the 38-mm long fibers which are 
similar in size to the minimum clear spacing between obstacles o f the filling capacity test, high 
deformability was obtained when the Vf was limited to 0.5%. The effect o f Vf on different 
fresh and hardened properties o f FR-SCC is summarized in Fig. 3.2. It should be noted that I30 
is the flexural toughness indices for the FR-SCCs in compliance with ASTM C 1018.
GRUNEWALD [2004] reported that yield stress increase with increasing Vf in SCC. In 
addition, GRUNEW ALD et al. [2001] reported that to obtain a given slump flow, fiber length 
(Lf) must be reduced with increasing Vf, in other words, for a given fiber type, the slump flow 
decreases with increasing Vf (Fig. 3.3). The first and second numbers in Fig. 3.3 for fiber 
designation indicate L f and aspect ratio, respectively.
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A) Effect of fiber length
KHAYAT et al. [2000] reported that for SCC mixtures containing 1% Vf, the decrease in Z,/to 
ensure compatibility with the narrow dimensions between obstacles should increase their 
filling capacity. The authors also confirmed that reduction in L j led to decrease in the internal 
resistance to flow and increase workability.
GRUNEW ALD et al. [2001] concluded that necessary V/ to obtain a constant slump flow 
decreases with an increase in Lf, i.e. for the same Vf, when L f increases, slump flow decreases 
(Fig. 3.3).
B) Effect of fiber aspect ratio
The aspect ratio (Lj/df) is considered as an important parameter affecting workability, i.e 
workability decreases with an increase in the aspect ratio (long and thin). GROTH [2000a] 
reported that workability is clearly reduced when using either higher Vf or using slender fibers 
(higher aspect ratio). In other words, higher is the aspect ratio, more difficult to handle fibers 
in mixture. SWAMY et al. [1974b] limited L f d f  by 100. According to KHAYAT [2006], to 
assure good workability, fibers must have L fd f  lower than 100. For the same Vf, better 
workability can be achieved at lower L fd f  [GRUNEWALD et al., 2001]. However, this 
concept leads to a mechanical convenient in the hardened state and L f should not be reduced to 
a limit where fibers loaded in tension cannot resist more sliding with good anchorages in 
concrete by modified ends. HARTMANN [1999] reported that when L f d f  increases, the 
mixing, placement, and finishing operations may be additionally complicated. Therefore, the 
industry has adjusted production techniques, material compositions to manufacture rigid, 
lower Lftdf with mechanical deformations that perform similarly to higher L fd j  without the 
inherent mixing problems.
C) Effect of fiber factor
The combination o f  fiber aspect ratio and fiber content results in fiber factor or fiber 
reinforcing index (R I), noted as V f.L /dp  This parameter is the major and primordial factor 
affecting workability o f fiber-reinforced concrete. GRUNEW ALD et al. [2001] mentioned that 
the higher the RI, the better is the performance in the hardened state but more difficult the
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concrete becomes to mix. Slump flow decreases and V-funnel flow time increases when R I  
increases, as shown In Figs 3.4 (a) and (b), respectively.
Fig. 3.4 Effect o f R I on  (a): slump flow and (b): V-funnel [GRUNEWALD et al., 2001]
GROTH [2000a] concluded that the workability mainly seems to be dependent on the RI. The 
studies undertaken by KHAYAT et al. [1999], GROTH et al. [1999], and GRUNEW ALD 
[2004] proved that the relationship between R I  and slump flow spread is quasi-linear and 
inversely proportional. GRUNEWALD [2004] proposed an equation for the effect o f  R I  on 
plastic viscosity o f  FR-SCC (Eq. 3-1) from experiences that some results are presented in Figs
3.5 and 3.6. The plastic viscosity increases with an increase in RI. The plastic viscosity o f 270 
Pa.s found in FR-SCC increased three times compared to reference SCC. The mechanism o f 
influence o f  fibers on plastic viscosity comes, on one hand, from increase in R I  which leads to 
decrease in compactness, and thus increase in plastic viscosity, and on the other hand, from the 
additional contribution (friction) due to fiber incorporation. This friction depends on RI.
PV,,K_srr : FR-SCC Plastic viscosity [Pa.s];
PVWF : plastic viscosity with fibers, RPL thinner compared with SCC [Pa s];
VPWI, is obtained considering the effect o f the fibers on the packing density and the RPL, as 
follows :
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R P L  : relative paste layer thickness [-]; 
f ) :  normalized paste content [-].
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D) Effect of fiber geometry
The secondly predominant factor o f fibers is related to the form o f fibers such as straight, 
crimped, enlarged ends, or end-hooks, etc., [GROTH [2000a], Fibers with advanced geometry 
can be classified as fibers o f  non-constant section and deformed fibers with constant and 
circular section. The first group has indentations distributed on the length or flat ends 
[CHANVILLARD, 1990]. Combined use o f  two types o f fibers with the same aspect ratio but 
different geometries gives similar or greater workability compared to that obtained using 
straight fibers [HUGHES et al., 1976]. The fme-size fibers allow large volume fractions to be 
mixed easily and dispersed uniformly in the matrix [BANTHIA et al., 1995].
ANDO et al. [1990] found a linear correlation between slump flow and fiber specific surface, 
as illustrated in Fig. 3.7. It should be noted that specific surface also increases with increase in
Vf-
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Fig. 3.7 Effect o f  carbon fiber surface specific on paste [GRUNEWALD, 2004]
E) Effect of fiber type
GRUNEW ALD [2004] reported that steel fibers result in larger reduction in slump flow 
compared to synthetic ones. Such high reduction can be due to the rigid nature o f steel fibers 
vs. the flexibility o f synthetic one (Fig. 3.8). These results are supported by those found by 
KHAYAT et al. [2008],
F) Effect concrete type
The effect o f fiber addition is more severe for CVC compared to SCC. This is due to the lower 
paste volume in CVC compared to SCC. KHAYAT et al. [2000] mentioned that the use o f  1% 
fiber, FR-SCC filling capacity decreases, but always remains higher than that o f  CVC, as 
presented in Fig. 3.2.
G) Fibers-aggregates interaction
Fibers have higher specific surface than the same volume o f aggregates due to its long forms. 
Workability reduction due to the fiber addition depends on the type and volume o f fibers used, 
as well as properties o f matrix constituents [GRUNEWALD et al., 2001]. Interaction between 
fibers and coarse particles decreases their movement capacity during mixing and placement. 
Thus, gradation and maximum size aggregate become very important parameters that must be
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adapted in concrete containing fibers. KHAYAT et al., [2000] concluded that the reduction in 
L f  and decrease in the nominal size o f aggregate and aggregate volume reduce the internal 
resistance to flow and increase workability o f FR-SCC. For a given fiber type and Vf, the sand- 
to-coarse aggregate ratio can be modified up to obtaining maximal workability.
GRUNEWALD et al. [2001] reported that the aggregate amount affects workability, i.e. 
addition o f fibers is considered as addition o f  fine aggregate, thus the total volume o f 
aggregates increases. Thus, there is a great opportunity to incorporate fibers in concrete when 
minimal amount o f  aggregate exists, i.e. there is a relationship between the volume fraction o f 
coarse aggregate in concrete and Vf.
M axim um  grain size dg m ax 
5 m m  10 m m  2 0  m m
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E
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4 0  m m
Fibre length
Fig. 3.8 Effect o f the aggregate size on the fiber distribution [GRUNEWALD, 2004 after
JOHNSTON, 1996]
According to SWAMY [1975], the size, the shape and the content o f  the coarse aggregates as 
well as the geometry and the volume fraction o f steel fibers affect the concrete workability as 
illustrated in Fig. 3.9.
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Fig. 3.9 Effect o f the coarse aggregate content on the maximum content o f  steel fibers
[SWAMY, 1975]
H) Effect of fibers on spacing between reinforcing bars
GROTH [2000b], reported by GRUNEWALD [2004], concluded that the minimal reinforcing 
bar spacing is affected by the aspect ratio, the Vf, and the Lf. The author proposed a guideline 
for hooked-ended steel fibers with circular cross-sections to avoid blocking o f FR-SCC (Table 
3.1). In this table, c  is the normalized bar spacing to avoid blocking; L /d f  is the fiber aspect 
ratio; m f is the fiber content (by mass). The bar spacing can also varied in the other devices 
containing bars such as L-box as used by KASSIMI [2008].
Table 3.1 Recommendation on the normalized bar spacing between devices [GROTH, 2000b]
c /L f  [-] L /d f [-] n tfm a x .
[kg/m3]
> 3 80 30
65 60
> 2 65 30
45 60
> 1 ,5 45 30
GRUNEWALD [2004] reported that the factors affecting the reinforcing bar spacing are: Vf, Lf, 
fiber type, content and composition o f coarse aggregates. GRUNEW ALD et al. [2001] varied
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spacing between the J-Ring bars according to Lj  and Vf. The blocking factor (B F ) includes the 
effect o f  coarse aggregates, type and volume o f steel fibers. The BF is given by Eq. (3-4).
B F  = R O B bs■ V/. B D  (3-4)
where
R O B bs: risk o f blocking (depends on the chosen bar spacing) [-];
BD : blocking diameter (depends on dj) [-] given by Eq. (3-5) and Fig. 3.10.
B D  =  0.553-i/y151 (3-5)
GRUNEW ALD [2004] proposed two models to calculate the S F  o f FR-SCC:
Model (1 ): B F  =  0.607 x — -  0.614 (3-6)
Model (2 ): B F  =  0.607 x — -  0.857 (3-7)
L /
blocking diam eter [-]
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Fig. 3.10 Relation between the d f  o f the steel fibers and the blocking diameter
[GRUNEWALD, 2004]
I) Effect of w /c  and admixture content on fluidity and stability of FR-SCC
To ensure a uniform flow o f FR-SCC through narrow sections and increase a uniform 
suspension o f constituents to satisfy a good quality o f construction, it should maintain the 
heavy steel fibers in uniform dispersion vs. the coarse aggregates. Free water causes
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segregation and bleeding o f  FR-SCC, i.e. the concrete becomes non-uniform and blocks 
among narrow spacing during flow, especially using heavy steel fibers. In this case, it is 
necessary to use a VMA that reduces the volume o f free water and improves the friction 
between coarse aggregates and fibers [KHAYAT et al., 2000].
In FR-SCC, many admixtures can be used depending on the need and application. The high- 
range water-reducer admixtures (HRWRA) are especially to make mixtures o f  high 
workability without having negative effects due to free mixing water. The use o f  HRWRA is 
particularly recommended to compensate the decrease in workability caused by fibers.
KHAYAT et al. [2000] observed that incorporation o f 0.5% fibers requires more HRWRA and 
VMA to maintain workability using slump flow test. GROTH et al. [1999] investigated the 
effect o f steel fibers on workability, segregation, and toughness o f  SCC. The slump flow test 
showed a decrease after addition o f fibers. The authors adjusted the mixture composition by 
addition o f  HRWRA until obtaining the desired workability.
J) Effect of fibers on air volume of fresh concrete
The addition o f fibers can increase air volume o f  fresh SCC. This is mainly due to many 
factors related to fiber characteristics such as the form, size, and flexibility. The non-flexible 
fibers have ability o f  encapsulate more air compared to flexible ones, as reported by KRAGE 
et al. [2007],
K) Effect of fibers on density of fresh concrete
GAO et al. [1997] investigated the effect o f inclusion o f fibers in lightweight and high- 
strength concretes. The authors found that the fiber aspect ratio had not effect on the concrete 
density, whereas Vf had, as illustrated in Fig. 3.11 and described by Eq. (3-8) proposed.
D c = D m(l - V f ) +  D s.Vf  (3-8)
where D c, D m, and D s are densities o f  fibrous and non-fibrous concretes, and steel fiber, 
respectively.
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Fig. 3.11 Influence o f Vjon  concrete density [GAO et al., 1997]
3.1.4 Effect of fibers on hardened properties
Effect o f  the fiber properties on some responses such as flexure and compression is 
summarized below.
A) Effect of fiber volume
For the FRC, the concept o f the ductile response is frequently used to characterize their 
performance [CHEN et al., 1995]. The improvement o f structural behavior in tension 
(frequently by flexure such as the case o f beams, slabs, etc.) is one o f the main objectives 
expected from the use o f fibers in different types o f composites (concrete, mortar, etc.). 
KHAYAT et al. [2000] noted the improvement o f  the flexural toughness o f prisms measuring 
100x100x350 mm when using FR-SCC compared to CC.
MUELLER [2009] mentioned that one reason could be the rising flexural tensile strength 
under increasing Vj resulted in higher bond behavior between matrix and fibers. Vf is the direct 
responsible parameter on the behavior o f  the matrix concrete-fibers and affects the toughness 
level o f the hardened concrete. More Vf leads to more ductile composite, higher crack load, 
and higher modulus o f rupture, consequently, increase in capacity o f pre-crack strain.
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KHAYAT et al. [2000] reported that the increase in Vf from 0.5% to 1% in SCC drove a 
significant increase in ductility and absorption energy. ZHANG et al. [1997] tested prisms 
measuring 102x102x406 mm in flexure and found, after freeze-thaw cycles, a decrease in the 
flexural strength o f  concretes with polypropylene fibers compared to reference concrete 
without fibers. The authors found, using ASTM C 1018, that the toughness index and the 
residual strength factor at 14 d and 91 d were widely increased by incorporation o f fibers in 
concrete for shotcrete applications. GAO et al. [1997] found that the flexural toughness 
increased with increasing V/as  indicated in Fig. 3.12.
40
60
1.0 2.00.6 15
Vf <%)
Fig. 3.12 Effect o f P/and L f d j on the flexural toughness [GAO et al., 1997]
ZHANG et Al. [1997] concluded that the crack load was slightly influenced by Vf o f 
polypropylene fibers.
The effect o f fibers on compressive strength ( f ’c) is not clear as it can be seen through many 
research results in literature which are in contradiction. The results obtained by PONS et al. 
[2007] showed an increase in 7-d f c o f  FR-SCC (34.1 to 35 MPa) compared to SCC without 
fibers (33.3 MPa). YADEGARAN et al. [2007] proved that the inclusion o f synthetic fibers o f 
12 mm in length in SCC reduced the f ' c at different ages. DREUX et al. [2002] concluded that 
fibers increase f ' c. §AHMARAN et al. [2005] found that f ' c increases with Vf especially with 
fibers o f small size.
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YADEGARAN et al. [2007] found that the increase in polypropylene V/(0.05%, 0.1%, 0.15%, 
and 0.2%) led to decrease in f ' c o f 150x150x150 mm cubes made o f  SCC by 14%, 23%, 46%, 
and 53%, respectively.
CHOI et al. [2005] investigated the effect o f  glass and polypropylene fibers on concrete f ' c at 
1% and 1.5% Vf. The authors found that the addition o f fibers to concrete did not improve the
f ' c
BANTHIA et al. [2000a] and ZHANG et al. [1997] found that the effect o f fibers on f ’c is not 
clear or noticeable. The studies leaded by SONG et al. [2005] showed that nylon and 
polypropylene fibers at V /o f  0.6 kg/m3 improved f ’c up to 12.4% and 5.8%, respectively. The 
authors concluded that a blunting, blockage, and even, diverting o f  the crack allowing to the 
fibrous concrete cylinders withstand additional compressive load, thus upgrading its f ' c over 
the non-fibrous control concrete.
RAMAKRISHNAN et al. [1981] observed variations in strength from -15% to +20% when 
1 % o f different steel fibers were added compared to that o f reference concrete with w /c  o f 0.40. 
The reference concrete had f ’c o f 50 MPa. KHAYAT et al. [2000] found that addition o f 1% o f 
steel fibers in SCC reduced f ’c from 1% to 14% compared to SCC with 0.5% Vf. BANTHIA et 
al. [1995] carried out compressive tests on 25x50 mm concrete cylinders with microfibers. 
The authors concluded that inclusion o f fibers did not ameliorate f ’c even with high Vf. In some 
cases, these microfibers reducef ' c as shown in Fig. 3.13.
KONIG et al. [1999] followed the strain development with compressive load on steel FRC 
h a v in g /’c o f 42 MPa. The effect o f Vf on compressive toughness is presented in Figs 3.14 and 
3.15.
PARK et al. [2004] performed compressive tests on mortars containing waste glass (WG), 
steel fibers (SF) at different F/(0.5%  to 1.5%), and polypropylene fibers (PP) at 0.1% to 0.5%. 
For the two fiber types, their did not affect f ’c as shown in Figs 3.16 and 3.17.
As shown in Fig. 3.18, it seems that increase in Vf increases the post-crack load and improved 
the post-crack behavior and the absorption energy in concrete [ACI 544, 2011]. The addition 
o f fibers allows absorption o f energy o f the elastic deformation to dissipate the tension stresses 
through cracks. This constitutes a performance factor for the structures sustainability.
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Fig. 3.13 Influence o f microfibers dosage on f ' c [BANTHIA et al., 1995]
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33
Chapter 3: Fibers and self-consolidating concrete
60,0rsi
P
S 50.0
z
•$ 40.0
b it
C
a 30.0
u
> 20.0
trtuu.
Cl 10.0
E
O
U 0.0
□  80"C N aO H  im m ersion
□  80"C w a te r cu rin g
WG 20% WG 20% - SF WG 20% - SF WG 20% - SF 
0.5% 1.0% 1.5%
Steel Fiber Content (vol.%)
Fig. 3.16 f ’c according to steel [PARK et al., 2004]
60 
50 
40  
30 
20 
10 
0  o
E
E
Z
00cuUW&
V
>
%/ivi
aa .
B
O SOX NaOl I immersion 
□  80’C water curing
WG 20% WG 20% -  PP WG 20% - PP WG20%-PP 
0.1% 0 2% 0.5%
Fig
PP fiber content (vol.%)
3 .1 7 /’c according to polypropylene £/[PA RK  et al., 2004]
34
Chapter 3: Fibers and self-consolidating concrete
M O O -A-PUbComnl*
nbar
-o -tA flta r
4 0 0 9
1 9 0 0
9m.
atoo
1000
o o.i
Dpflactkm, in.
Fig. 3.18 Effect o f V jo n  reduction o f post-crack load [ACI 544, 2011]
B) Effect of fiber length
The works undertaken by ZHANG et al. [1997] on concrete for shotcrete applications 
containing 60% o f fly ash in replacement, showed that the increase in L f leaded to higher 
toughness index, and consequently higher residual strength factor at 14 d o f age (Figs 3.19 and 
3.20). Inexplicably, the inverse result was obtained at 91 d (Fig. 3.21).
The different tests showed that the flexural strength o f the fibrous reinforced concrete is 
independent from L j [DREUX et al. 2002]. ZHANG et al. [1997] found that the crack load was 
slightly influenced by polypropylene fibers. DREUX et al. [2002] mentioned that different 
tests proved slight increase in f ' c when using short fibers due to better composite homogeneity.
1.5 kg/m fiber 
3.0 kg/m* fiber
4 .5  kg/m* fiber
Fiber length (mm)
Fig. 3.19 Effect o f  Z,/on the toughness index { f a )  at 14 d [ZHANG et al., 1997]
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Fig. 3.21 Effect o f L f on the flexural toughness index (/20) at 91 d [ZHANG et al., 1997]
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C) Effect of aspect ratio and fiber geometry
The fiber aspect ratio {L fd j)  also affects the flexural behavior o f  concrete. However, the 
influence o f this parameter depends itself on V f and fiber geometry. AHMAD et al. [1982] 
reported that with use o f advanced fiber form, it is difficult to separate the fiber aspect ratio 
from the fiber geometry. Generally, the flexural toughness increases with Ljldf for ordinary 
concretes [AHMAD et al., 1982]. With use o f  various forms o f fibers, it is difficult to 
dissociate L f d /  o f the fiber geometry. For a given L fd f, the toughness o f  the FRC varies 
significantly according to the geometry o f  the fibers used [AHMAD et al., 1982]. 
BALAGURU et al. [1992] suggested for conventional concretes (30 MPa), that the most 
performance fibers are in order, the hooked-ended, deformed-ended, crimped, and straight 
fibers. GAO et al. [1997] found that the flexural toughness increases with increase in L f d f  as 
shown in Fig. 3.12. On Fig. 3.22 reported by KOOIMAN [2000], the maximum flexural 
strength and the ductility increased with addition o f fibers. The fiber form affects this increase.
P[kN]
straight SFRC
5 [mm]
Fig. 3.22 Flexural performance o f non-fibrous and fibrous concretes o f different forms 
[KOOIMAN, 2000] reported by [GRUNEWALD, 2004]
LUO et al. [2001] investigated the effect o f five steel fiber types with different L f d /  and V /o n  
f ’c. The authors found that when the aspect ratio increases, f ’c increases too. Similar results 
were found by GAO et al. [1997] using steel fibers in lightweight and high-strength concretes, 
as illustrated in Fig. 3.23. The effect o f  fiber aspect ratio is also shown on Fig. 3.24.
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Comparative studies were carried out on CVC and FRC. AHMAD et al. [1982] reported that 
the increase in toughness is function o f Vj introduced in mixture, fiber aspect ratio, and fiber 
geometry [BALAGURU et al., 1992].
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Fig. 3.24 Influence o f the aspect ratio o f fibers on the mortar compressive stress-strain curve
[ACI 544, 2011]
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With same fiber nature and Vf, compressive toughness can vary according to fiber form as 
shown in Fig. 3.25. It is clear that straight fibers do not offer good performances compared to 
deformed and hooked-ended fibers.
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Fig. 3.25 Typical effect o f fiber type on the stress-strain curve o f  SIFCON in compression
[ACI 544, 2011]
D) Effect of fiber factor
GAO et al. [1997] investigated the effect o f fibers on lightweight and high-strength concretes. 
The authors concluded that the R I  affects directly the flexural strength as illustrated in Fig. 
3.26 and described by the following relationship:
U  = 0-92M l  -  Vf ) + 4.19 V fL /d f  (3-9)
where :
a n d : flexural strengths o f fibrous and non-fibrous concretes, respectively.
On the other side, SWAMY [1974b] proposed Eq. (3-10) for steel FRCs.
U  = 0 .9 7 /„ (l -  Vf ) +  3.41 V fL Jdf  (3-10)
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Fig. 3.26 Effect o f V f L /d jon the flexural strength [GAO et al., 1997]
E) Effect of fiber type
PARK et al. [2004] carried out flexural tests at 14 d o f age on mortar prismatic specimens 
measuring 40x40x160 mm containing steel and polypropylene fibers. The obtained results 
showed that the inclusion o f fibers increased the flexural strength with the two fiber types; 
however, the increase was 10% with steel fibers at 0.5% compared to 8 % with polypropylene 
fibers at the same volume. It should be noted that the these results were obtained using 80°C 
water curing and the mortars contained 2 0 % (by mass) o f waste glass.
YAO et al. [2003] used hybrid fibers with Vf o f 0.5% and combinations between 
polypropylene (PP) and carbon fibers, carbon and steel fibers, and steel and PP fibers. Their 
results showed that carbon fibers offered the best f ' c, however PP fibers provided the lowest 
ones.
F) Effect of matrix properties
The flexural strength is function o f the f ’c in all cases. ZHANG et al. [1997] found that 
polypropylene fibers did not affect substantially the flexural strength o f concretes for the 
shotcrete applications. Thus, this strength was affected mainly by the concrete matrix 
properties. In addition, the slope in load was registered after the crack load. This slope became 
sharper when small Vf were used. The authors also concluded that the curing duration affected
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the toughness o f the fibrous concretes. ZHANG et al. [1997] found that the crack load depends 
on concrete matrix properties.
For a given Vf, higher is the matrix strength, lower ductile is the composite behavior. For 
example, DALAIRE [1993] found that silica fume participates with fibers in increase o f / ’c o f 
high-performance concrete. The author compared f ’c o f concrete containing different 
percentages o f silica fume up to 10% with w /c  o f  0.40. The ultimate compressive strength 
increased with increasing in silica fume content.
As other mixtures (concretes, mortars, or grouts without fibers) and for a given Vf, the f ' c can 
be affected by w /c , mineral additive content (especially silica fume), and sand-to-aggregate 
ratio. KHAYAT et al. [2000] mentioned that fibers had mix effect on f ’c at 45 d: incorporation 
o f 0.5% fibers increased f ' c from 15% to 20% and from 0 to 5 MPa for w /c  o f  0.37-0.38 and 
0.42, respectively.
$AHMARAN et al. [2007] attributed the increase in f c to reduction in w /c  during inclusion o f 
fibers. ZHANG et al. [1997] did not find a substantial effect o f fibers on f ' c. However, high Vf 
could reduce f ’c due to dispersion difficulty o f  long fibers in consolidated concretes. The 
authors concluded that f ’c was mainly affected by properties o f  concrete matrix. MEHTA 
[2006] stated that f ' c is related to the fraction o f pore size over 50 nm. Research led by WANG 
et al. [2 0 0 1 ] reported that fibers decrease voids in interaction with coarse aggregate in the 
fresh and hardened states.
3.1.5 Toughness and average residual strength
To evaluate toughness o f the investigated fibrous mixtures, many methods can be used such as 
JCI SF4, BS 6432, RILEM 49TFR, ASTM C 1550, and ASTM C 1609. The average residual 
strength method described by ASTM C 1399 can provide the performance o f  fiber type, Vf, Lf, 
and modulus o f elasticity. The toughness is also affected by the fiber form [KOOIMAN, 
2000], The toughness behavior o f FR-SCC can be distinguished from that o f  non-blended 
concretes using many mechanical tests such as compressive test, splitting and direct tensile 
tests, and flexural test. The flexural toughness depends on fiber aspect ratio. Higher aspect 
ratio results in higher flexural toughness [ZHANG et al., 1997; GAO et al., 1997; AHMAD et 
al., 1982] and longer fibers leads to higher performance [BANTHIA et al., 2000a].
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3.1.6 Orientation and distribution of fibers
The importance o f studying fiber orientation and distribution in mixtures lies in investigating 
the homogeneity o f  these last and its effect on the hardened performance (such as fiber bond). 
These fiber orientations are, in turn, affected by the casting direction, casting methods, and Vf. 
The effect o f  fiber orientation is more remarkable in SCC that in conventional concrete and 
with long fibers than short ones, as reported by GRUNEW ALD [2004] and PETERSSON
[1998]. As reported by GRUNEWALD [2004], the preferred orientation o f  the fibers can be 
considered as a benefit or, the opposite as an intrinsic weakness o f FR-SCC. In addition, the 
angle with which a straight fiber is oriented into the direction o f  the force affects the 
maximum pull-out force (it increases the maximum load up to 50%). The author reported also 
that the studies on sheet piles and tunnel segments demonstrated that applications with FR- 
SCC can be economical, offer products with interesting characteristics and present innovative 
solutions. The production process is an important factor, which affects the performance o f  FR- 
SCC. Below is a summary o f some definitions about orientation and distribution o f fibers, 
reported by CHALMERS [n.d.].
Directed orientation is achieved mainly by using continuous filaments, plaits, various types o f 
fabrics and non fabrics nets, or by special production techniques, such as pre-placing the fibers, 
as shown in Figs. 3.27 (a) to (e). Body-random orientation is characterized by equiportable 
and unlimited (free) distribution o f  short fibers throughout the body o f  the concrete (in three- 
dimensional space), as illustrated in Fig. 3.27 (f).
Fiber orientation and their number crossing an arbitrary crack plane can be determined by 
theoretical methods. The fiber efficiency factor r\f is defined as the efficiency o f bridging, in 
terms o f  amount o f fibers bridging a crack, with respect to orientation effects. The angles o f 
inclination o f  fibers relative to the surface o f  the component range from zero to 90°, as long as 
the dimensions o f  the component, in all directions, exceed the length o f fibers considerably.
Plane-random orientation is characterized by equiprobable and unlimited (free) distribution o f 
fibers in a two-dimensional space (case o f thin-wall elements such as flat sheets, plates, etc., 
when the thickness o f an element is less than the length o f  the fibers used).
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Fig. 3.27 Schematic representation o f  different fiber composites [CHALMERS, n.d.]
(a) unidirectional continuous; (b) bidirectional continuous; (c) discontinuous with biased 1-D 
fiber orientation; (d) discontinuous with biased 2-D fiber orientation; (e) discontinuous with 
plane-random orientation; (f) discontinuous with random fiber orientation; (g) particulate 
composite (particle suspension); (h) fiber-reinforced and particulate composite (ex. fiber
reinforced concrete).
Constrained-random orientation is relevant when at least two geometric parameters o f  a 
structural unit (such as height and width) are restricted in dimensions and limit the free and 
random orientation o f  fibers in the body o f the concrete (case o f beams, plates, etc.). The 
smaller the cross-section, the more restricted the possibilities for free orientation o f  the fibers. 
For FRC, not only are geometric considerations taken into account, but a number o f  other 
factors influence fiber orientation and distribution, such as placement method, equipment used 
(ex. pumping), and fresh concrete properties (for instance, resistance against fiber segregation).
GRUNEW ALD [2004] reported that the orientation and distribution o f  fibers affect 
performance and variation o f characteristics o f FR-SCC at the hardened state. He mentioned 
also that in which PETERSSON [1998] reports on a study o f the distribution o f steel fibers in 
the L-box, X-ray photographs were taken from cross-sections o f the hardened concrete. 
PETERSSON [1998] concluded that the fibers were remarkably well distributed, although a 
slightly increased segregation o f fibers was observed compared to the coarse aggregates. The 
fibers were then oriented to some degree into the flow direction; and this effect was more 
pronounced for longer fibers. NEM EGEER [1999], reported by GRUNEW ALD [2004], 
concluded that flow orients the fibers and commonly applied contents o f  steel fibers have little 
influence on SCC characteristics. The researcher concluded also that bending performance o f
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FR-SCC was equal to or better than what would be expected for FR-SCC at the same strength 
class and with the same type and content o f steel fibers, which might contribute to the 
pronounced orientation o f  the fibers into the direction o f the principal tensile stress. GYSEL 
[2000], reported by GRUNEW ALD [2004], showed that the performance o f hooked-ended 
fibers was not significantly affected by the angle at which they are embedded.
In 2D and 3D (described below), the number o f fibers (Nb) bridging a plane arbitrary crack can 
be determined theoretically considering all lengths o f embedment Lc and possible orientation 
angles (p. According to LI et al. [2001], reported by CHALMERS [n.d.], the number o f  fibers 
Nb bridging a crack is given by the probability density functionsp {(p )  and p (z ) .
where :
Nf. number o f  fibers per unit area (1/mm2);
V/. fiber content (%);
A/, area o f  the cross-section o f a single fiber (mm2); 
rjb'. orientation number (fiber efficiency factor).
For fibers oriented at angle <p and centroidal distance z  >  { L f  2), the expression p ( z )  is 
constantly 2!Lj. However, the expression p {(p ) depends on distribution o f fibers in 2D or 3D, 
as presented in Table 3.2, given that the fiber efficiency is 0.64(2/ji) in 2D, and 0.5 in 3D 
(exactly half as many as for the case o f 1D).
In the case o f  imposed restrictions on the inclination angle (p to <p* (due to production 
techniques or by specimen boundaries), another probability density function p  ’{(p) considers 
the restricted inclination angle (p*, as shown in Table 3.2.
(3-11)
(3-12)
A --=o
(3-13)
(3-14)
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Table 3.2 Bridging probability density functions and efficiency factors [LI et al., 2001],
reported by CHALMERS [n.d.]
ID 2D 3D
p(4>) - 1/ji S in(0)
m 1 2 /n 1 /2
p X4>) - W ) Sin(0)/(l-cos(0*))
n'b - 1/ 0 * 1 /2 ( 1 -cos( 0 *))
A) 1-D orientation
The highest orientation number (fiber efficiency factor //*) is obtained in the case all fibers are 
aligned into the direction o f the load. In this case, t]f m =  1 and the fiber cross-section appears 
as a point on the crack surface. The maximum effective embedded length o f  the fiber is equal 
to half the fiber length (0 < L c <  L /2 ) ,  as drawn in Fig. 3.28 [GRUNEWALD, 2004; and 
CHALMERS, n.d.].
crack plane , . y
\
L
■ V
f
Fig. 3.28 Fiber orientation in ID  according to LI et al. [2001], reported by CHALMERS [n.d.]
B) 2-D orientation
KAMESWARA RAO [1979] determined the 2-D orientation number from projecting the 
mean L /  on the axis that represents the direction o f  the tensile stress. The orientation number o f 
randomly oriented fibers in a plane can be determined by Eq. (3-15).
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tj02D '■ theoretical number o f random oriented fibers in a plane.
The fiber in a 2-D system is shown in Fig. 3.29. The projection o f the mean fiber embedded 
length in the 2-D situation is L fit.
crack plane
Fig. 3.29 Fiber orientation in 2D
C) 3-D orientation
The fiber in a 3-D system is shown in Fig. 3.30. SCHONLIN [1988], reported by 
GRUNEW ALD [2004], summarized results o f theoretical orientation numbers derived by 
several authors and reported on rather deviating numbers. Theoretical orientation numbers in 
the literature vary between 0.20 and 0.825 (for 3D), and depend on the boundary conditions 
and assumptions o f  the authors. According to STROEVEN [1978], the mean projected fiber Lf 
gives L t X7i I A . The orientation number was calculated with the approach o f  KAMESWARA
RAO [1979] and the average projected embedded length in the 3-D situation is L f /4 (a s  for
the 2-D orientation) according to the following equation.
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Fig. 3.30 Fiber orientation in 3D
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i)e w  : theoretical number o f random oriented fibers in 3-D space.
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Fig. 3.31 Average fiber efficiency fa c to ry  as a function o f beam geometry
As shown in Fig. 3.31 for cases (a) and (b), t]b is affected by the beam and fiber geometry. For 
relatively short fibers (Fig. 3. 31(a)), the average fiber efficiency factor r\h approaches the 2-D
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factor only for very small members, while for a long fiber (Fig. 3.31 (b)), it can exceed the 2- 
D factor for small members. For quite large members, the factor tjb is greater than the 3-D 
factor o f  0.5. Indeed, t]b can theoretically be determined by taking into account the dimensions 
o f the member, the length o f the fiber, and wall effects in cases o f 2-D fiber orientation.
3.2 Self-consolidating concrete
3.2.1 Definition, roles and advantages of SCC
SCC is a high-performance concrete (HPC) that can flow under its own weight and fill the 
formwork without mechanical consolidation. A stable SCC can cross highly steel-reinforced- 
and narrow sections. This concrete is composed from the same materials that CVC contains, 
and in some cases it includes viscosity-modifying agents (VMA) [ACI 237, 2007]. KHAYAT
[1999] also defines the SCC as a HPC, with low resistance to flow, high spread, and moderate 
viscosity to maintain a homogeneous deformation through the restrained sections such as the 
narrow spacing o f reinforcement. According to the author, the basic workability requirements, 
that SCC must have, are: excellent deformability, good stability, and low risk o f  blockage.
These criteria can be fulfilled simultaneously if  mixtures with low yield stress, high resistance 
to segregation and surface settlement, and moderate viscosity using HRW RA are used. 
According to KHAYAT [1999], SCC must insure compromise between the two contradictory 
properties: high fluidity and high stability. Some other SCC advantages are mentioned below:
•  Eliminate vibration and sonorous nuisance;
• Reduction in execution time;
•  Improvement o f filling capacity o f  the repair zones, even with congested steel 
reinforcement;
•  Improvement o f  the transition zone between cement paste and aggregate or reinforcement 
due to stability;
• Maintenance o f bond at the repair interface;
• Diminution o f permeability, good resistance to scaling and freeze-thaw (if contains air
bubbles network), indeed improvement o f durability and prolongation o f structural life­
span;
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• Improvement o f surface quality.
NEVILLE [2000] underlined the importance o f  the economy in the concrete industry. The 
author reported that the concreting cost -  such as the other construction activities -  is 
constituted o f  cost o f materials (cement, aggregates, and other cementitious materials), 
equipments and labor. The labor cost is influenced by the workability o f  concrete.
3.2.2 Limits of acceptance of SCC for repair applications
The workability performance specifications o f  SCC can be different form a code to others. 
This difference is due to the application for which the concrete is designated. For example, 
KHAYAT [2006] reported typical limits for workability characteristics o f a SCC used for 
repair o f  a bridge abutment wall and structural construction (Tables 3.3 and 3.4, respectively). 
For other general use o f SCC, different codes proposed workability limits shown in Table 3.5 
including the limits proposed by HWANG et al. [2006] to SCC for the structural applications. 
The authors carried out an experimental program o f various test methods o f  workability 
assessment on mixtures with w /cm  o f 0.35 to 0.42.
Table 3.3 Typical properties o f SCC for repair [KHAYAT, 2006]
Slump flow (mm) 6 3 0 -7 3 0
Filling capacity (%) > 8 0
V-funnel (s) flow time < 6
Surface settlement (%) 0.5
Slump flow -  J-Ring (mm) < 5 0
Fresh air volume (%) 6 - 9
Spacing factor (pm) 1 2 0 -2 3 0
Durability coefficient (%) > 9 0
Mass loss to scaling (kg/m2) < 0 .2
Compressive strength 
(MPa)
2 d 1 5 -2 5
7 d 2 5 - 3 5
28 d 3 5 - 4 0
91 d 4 0 - 5 0
28-d elastic modulus (GPa) 2 5 - 3 0
180-d drying shrinkage (pm/m) 5 0 0 ± 100
91-d RCP (Coulomb) 7 5 0 -  1500
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Table 3.4 Fresh properties o f SCC used for reaction wall at the Univesite de Sherbrooke
[KHAYAT, 2006]
Mean
"f
0
Slump flow at 5 min 640 mm 2 2 . 0
Filling capacity 83% 4.5
Air content 0.9% 0 .1
Temperature 14 °C 5.2
Flow time 3.8 s 0.9
Slump flow at 60 min 585 mm 9.2
Compressive strength 1 d 6 1.3
7 d 26 3.1
28 d '24 2 . 6
28-d splitting tensile strength 3.6 0.5
28-d flexural strength 7.9 0.7
Standard deviation
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Table 3.5 Workability characteristics, test methods, and recommended values [HWANG et al.,
2006]
Workability
characteristic
Test methods Recommended values
Deformability and flow 
rate
(filling ability, 
unrestricted flow)
Slump flow 1. 650 to 800 mm (MSA up to 20 
mm)
2. 600 to 700 mm
3. > 660 mm
4. N/A
5. 650 to 750 mm
6 . 620 to 720 mm
T5o 1. 2 to 5 s 
3. 3 to 5 s 
5. 3 to 7 s
Passing ability
(narrow-opening passing 
ability, confined flow, 
restricted flow, dynamic 
stability)
V-funnel* 1 . 6  to 1 2  s 
3. 6  to 10s 
6 . < 8  s
L-box (h2/h i) 1 . > 0.80 
3. > 0.75 
5. > 0.80
U-box (Bh) 1. h2-h i: 0 to 30 mm
2. Rank 1+ (35 to 60 mm reinforcing 
bar spacing)
Rank 2* (60 to 200 mm reinforcing 
bar spacing)
3. Rank 1
J-Ring 1 . < 1 0  mm 
3. < 15 mm
Filling capacity
(filling ability + passing 
ability restricted 
deformability)
Filling vessel 
(caisson)
1. 90 to 100% 
6 . > 80%
L-box (h2/h |) Same as passing ability
U-box (Bh) Same as passing ability
J-Ring Same as passing ability
Static stability
(resistance to 
segregation, bleeding, 
and settlement)
Surface settlement 6 . < 0.5%
Visual stability index 3. 0 or 1
Penetration 4 and 5. < 8  mm
GTM screen stability l . <  15%
. EFNARC [2002], 2. JSCE Japan Society o f Civil Engineers. 3. PCI [2003].
4. RILEM TC 174. 5. SCA (Swedish Concrete Association). 6 . HWANG et al. [2006].
* V-funnel opening o f  65x75 mm. f Rank 1 refers toBh o f 305 mm through 5 to 10 mm- 
diameter bars with 35 mm clear Spacing. 1 Rank 2 refers to Bh o f 305 mm through 3 to 12 
mm-diameter bars with internal and external spacing o f 35 to 45 mm, respectively.
* J-Ring value is determined by difference in height o f concrete between inside and outside in 
J-Ring.
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3.2.3 Fibers in SCC
As mentioned in the introduction, fibers can be used in SCC to offer some fresh and hardened 
properties, simultaneously, such as high workability, high tensile and flexural strengths, and 
good resistance to impact.
3.2.4 Rheological properties of FR-SCC
Yield stress and plastic viscosity are two fundamental parameters for describing the behavior 
o f SCC and FR-SCC [LUI et al., 2009]. The range o f  the two principal rheological properties 
(plastic viscosity and yield stress) for each concrete type including FR-SCC is indicated in 
Figs 3.32 and 3.33. It should be noted that CC, FMC, HPC, SF-SCC and UW C indicate 
conventional, flowable masse, high-performance, semi-flowable, and under-water concretes, 
respectively.
Fig. 3.32 Emplacement o f rheological properties o f  FR-SCC [KHAYAT, 2006]
l e f c a a i i s f t f i !  fcat «r * ra
«t it) «* fflS
Plastic viscosity
Fig. 3.33 Emplacement o f rheological properties o f FR-SCC [KHAYAT, 2009]
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GRUNEWALD [2004] proposed a relationship for the yield stress value, which is given by 
the following expression:
i-H-scc (P a )  =  r 0 ,r r  + A „  .(-11.7  X 103.-^- + 6.36 x  103) (3-17)
9
where
ro,fr-scc■ yield stress o f FR-SCC (Pa);
To.scc■ yield stress o f  SCC (Pa);
Aer'- difference o f  the relative slump flow due to the fibers’ addition;
(f)pl(f>\ ratio o f paste content (incl. air) to packing density o f  the aggregates.
3.2.5 Fiber-reinforced self-consolidating mortar
Self-consolidating mortars (SCM) are materials which also have other nomenclatures, such as 
“Self-Consolidating Engineered Cimentitious Composites” [LI, 2002]. When fibers are added 
to this material, the composite can take a new nomenclature such as “Fiber-Reinforced 
Cement-Based Composites”, “Ductile Fiber Reinforced Cementitious Composites” (DFRCC) 
[LI, 2002], or “M icrofiber reinforced cement-based composites” [BANTHIA et al., 1995]. 
These materials have undergone much development over the last two decades since they first 
appeared at the beginning o f  the 90’s and are being used to increase significantly the ductility. 
Engineered cementitious composites (ECCs) are cement mortar-based fiber-reinforced 
composites (FRCs) with superior ductility (about 600 times o f  the ductility o f normal concrete 
in tension) [LI et al., 1998]. CEMs are composed o f  cement, sand, water, a small amount o f 
admixtures, and an optimal amount o f  fibers [KONG et al., 2003],
3.2.6 Cost of FR-SCM
LI [2002] reported that concrete-equivalent mortars are more expensive than normal concrete 
(including SCC) regarding high fiber and fiber and cement content: “ The a d d itio n a l c o s t o f  
E C C  o v e r  n o rm a l c o n c re te  d e r iv e s  m o s tly  f r o m  th e  use o f  f ib e r s  a n d  h ig h e r  cem en t con ten t. 
This is  th e re a so n  w h y  o p tim iza tio n  o f  th e c o m p o s ite  to  m in im ize  th e  f ib e r  co n ten t is  so  
im p o r ta n t
53
Chapter 3: Fibers and self-consolidating concrete
On the other hand, these mortars remain expensive comparing to other commercialized repair 
materials: “ The c o s t o f  E C C  in co m p a r iso n  to  o th e r  h ig h -p erfo rm a n ce  c o n s tru c tio n  m a te r ia l  
su ch  a s  p o ly m e r  m o r ta r  c u rre n tly  in use f o r  r e p a ir  o f  in fra s tru c tu re  can  be  m uch lo w e r  ” [LI, 
2002],
3.2.7 FR-SCM characterization devices
The absence o f  coarse aggregate in SCM and FR-SCM mixtures allows using other 
characterization equipments for the purpose o f property prediction. This is due to the 
difference in composition compared to SCC and FR-SCC. Several studies have been 
conducted on FR-SCC using small-scale equipments as mortar-funnel [TAKADA et al., 1997], 
fiber-funnel [GRUNEWALD, 2004] where the dimensions are described in Figs 3.34 and 2.35, 
respectively. LI et al. [1998] also used devices with reduced dimensions for developing 
mortars and SCC without fibers, as shown in Figs 3.36 to 3.38. MESBAH et al. [2007] 
successfully repaired beams with SCC equivalent-mortar characterized using normal SCC 
devices. Briefly, the setup should not create an obstacle or cause blockage near the 
characterized matrix. • Presence o f fibers requires that the clear spacing for passing o f the 
fibrous matrix should be sufficiently large vs. the longest fiber in the cementitious matrix 
(Table 3.1).
From this principle, FR-SCMs o f this study have been treated as FR-SCC, considering that 
fibers behave as aggregate. Thus, FR-SCMs have been characterized using the same devices 
for FR-SCC. The modifications in these devices were made based on the effect o f L f and not 
the effect o f coarse aggregate size.
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Fig. 3.34 Mortar-funnel, after TAKADA et al. Fig. 3.35 Fiber-funnel, reported by 
[ 1997], reported by GRUNEWALD [2004] GRUNEW ALD [2004]
10  cm (do) 3 cm
3 cm
Fig. 3.36 Mini-slump for mortar [TAKADA et Fig. 3.37 Mortar-funnel [LI et al., 
al., 1997 and LI e ta l. 1998] 1998]
Fig. 3.38 Box vessel test [LI et al., 1998]
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To conclude, the dimensions o f characterizing devices for FR-CEM are adopted so that no 
remarkable blockage is detected, taking into account the maximum length o f  fiber in use.
3.2.8 Applications and advantages of FR-SCM
FR-SCM can be used for manufacturing o f  thin precast and prestressed products (Fig. 3.39), 
such as roofing sheets, tiles, curtain walls, cladding panels, I- and L-shaped beams, and 
permanent forms. They may also prove significantly useful as a material for thin repairs and 
patching. Some o f these composites can be good conductors o f electricity, which makes them 
a candidate for static free floors, lightning arresters, in cathodic protection, etc. [BANTHIA et 
al., 1995].
MESBAH et al. [2007] used FR-SCM for repair o f  the tensioned zone o f  damaged beams with 
layer thickness o f 100 mm. The obtained results showed that FR-SCM possessed comparable 
load capacities and higher initial-crack load than the reference monolithic beam o f CVC. 
These materials (FR-SCMs) are being used especially for congested steel-reinforced zones 
without any mechanical consolidation.
With high Vf, these composites can be characterized by high strength and high stiffness with 
steel fiber type, best ductility with carbon fiber type, and best toughness at large cracking level 
with polypropylene fiber type. Good resistance to impact characterizes these materials (FR- 
SCM) through their high Vf. These composites in hybrid form maintain the fiber’s individual 
capacities and offer best performance.
FR-SCMs are characterized by high tensile strength because o f the existence o f  a generally 
high fiber portion. Tensile strength is very important for the durability and functionality o f 
structural elements subjected to tension, such as beams, slabs, bridge-deck, etc. FR-SCMs are 
also characterized by excellent capacity for shear, maintenance o f  large strains imposed 
without damage localization, compatible strains between the matrix and the reinforcement bars 
[LI, 2002],
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Fig. 3.39 Prestressed sheet piles cast with self-compacting fiber-reinforced mortar (left) and 
conventional concrete (right) [GRUNEWALD, 2004]
3.2.9 Modeling of fresh properties of FR-SCM
GRUNEW ALD [2004], in his modeling studies on FR-SCM, related the slump flow factor 
(SFF) and slump flow. This relationship is presented in a linear regression by Eq. (3-18). The 
mean error o f  the slump flow predictions with a MSA o f 8  or 18 mm is 27 mm, and the 
standard deviation is 15 mm.
1
Slump flow (mm) = (6.75+ SFF)
0.250
SFF (mm) = MS
(3-18)
(3-19)
a
in which MS : mini-slump flow, and
\  r
: normalized solid content (fibers and aggregates).
The author reported that Eq. (3-20) can be applied to predict the slump flow o f SCC without 
fibers (target range: 710 + 20 mm) with MSA o f 8  or 16 mm.
Slump flow slope (SFS) -  -  36.1 x IF3 + 19.5 x IF2 -  3.61 * IF (3-20)
1
FI
f
(3-21)
where
FI: influencing factor;
{(p!(p*)%: normalized solid content (fibers and aggregates); 
FTP: flow-time mortar funnel (s).
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CHAPTER 4 MODELING OF DRYING SHRINKAGE AND CREEP 
4.1 Introduction
Drying shrinkage and creep represent important parameters affecting cracking and durability 
o f hardened concrete. On one hand, the fiber-reinforced self-consolidating concrete (FR-SCC) 
and fiber-reinforced self-consolidating mortar (FR-SCM) are characterized by higher volume 
o f cement paste, so higher drying shrinkage compared to CVC. On the other hand, there is a 
dimensional incompatibility due to the difference in drying shrinkage between CVC and FR- 
SCC (or FR-SCM) used as repair material and bonded to the base material (generally CVC). 
For these reasons, the investigation o f drying shrinkage and creep is very important to ensure 
good bond without undergoing debonding not cracking under constant service loading.
4.2 Drying shrinkage
4.2.1 Drying shrinkage and compatibility between substrate and repair concrete
An adequate and successful repair must satisfy the compatibility rules. GAGNE [2009] 
summarized the different recommended compatibility between substrate and repair material. 
The c h e m ic a l c o m p a tib il i ty  must take into account, among others, the alkali content 
(possibility o f alkali-aggregate reactions), C3A content, and chloride content o f  repair material 
or old concrete. For repair o f concrete structure containing potentially reactive aggregates 
(ASR), materials with low alkali content can be used. The reactivity o f surface repair material 
with steel reinforcement must be analyzed. Some repair materials with moderate or low pH 
cannot offer adequate protection for steel reinforcement. The e le c tro c h e m ic a l c o m p a tib il i ty  
must take into account the electric resistivity and the pH. The d im e n s io n a l  
c o m p a tib il i ty  represents the relative volumetric variation between two materials. For concrete 
does not undergo debonding, it must undergo a minimum shrinkage because the shrinkage o f 
the substrate is already stable.
4.2.2 Drying shrinkage for dimensional compatibility
Drying shrinkage can be defined as the volumetric change due to drying o f  the concrete. The 
importance o f the ASTM C 157 test method in this study is to evaluate the relative shrinkage 
degree between the substrate and the repair material (concrete or mortar) in the case o f  repair,
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i.e obtain as much dimensional compatibility as possible. This is mainly to prevent the
appearance o f cracks in the new material or debonding between the two materials.
4.2.3 Prediction models of drying shrinkage
According to HANI et al. [2003] the available shrinkage prediction models for concrete are 
mostly based on ACI 209 and CEB-FIP models. Other models are derived from these models 
by incorporating additional parameters and modifications. The mathematical formulations for 
prediction models are very similar. Each model has an ultimate shrinkage value that predicts 
total possible shrinkage for given strength and cement type. Ultimate shrinkage is a constant 
only in ACI 209 for all types o f cements and concretes.
Among the benefits o f drying shrinkage prediction, those reported by SCHINDLER et al. 
[2007], who mentioned that if  shrinkage estimates from using the model procedures are o f the 
same order o f magnitude as those measured, then the shrinkage o f  full-scale members should 
be less than those estimated by these procedures.
A) AASHTO LFRD [2007] model
The strain due to drying shrinkage is given by the following formula:
where:
kvs: factor for the effect o f  the volume-to-surface ratio o f the component;
V/S: volume-to-surface ratio;
/: maturity o f concrete (d), defined as age o f concrete between end o f  curing for shrinkage 
calculations and time being considered for analysis o f  shrinkage effects;
£sh = -  kvs khs kfk td 0.48 x 10 ' 3 
kv s=  1.45 - 0 .1 3 (V /S )>  1.0 
khs =  (2.00 - 0 .0 1 4 / / )
(4-1)
(4-2)
(4-3)
(4-4)
/ \
k,J [ 6 1 - 0 .5 8 X + /  
f ’c, = 0.80 f ’c (MPa)
/
(4-5)
(4-6)
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khs'- humidity factor for shrinkage;
H: relative humidity (%);
kf. factor for the effect o f  concrete strength;
f ' ci\ specified compressive strength o f concrete;
f c\ 28-d specific compressive strength o f concrete (MPa);
kl(j: time development factor;
According to AASHTO [2005], shrinkage o f  concrete can vary over a wide range, from nearly 
nil if  continually immersed in water, to in excess o f 0.008 for thin sections made with high 
shrinkage aggregates and sections that are not properly cured.
According to the above code, shrinkage is affected by:
-  Aggregate characteristics and proportions;
-  Average humidity;
-  w/c;
-  Type o f  cure;
-  Volume-to-surface area ratio o f member, and
-  Duration o f drying period.
B) ACI 209 [1992] model
The procedure o f  drying shrinkage prediction is applicable to normal weight and light weight 
concretes (using both moist and steam curing and Types I and III cement) under standard 
conditions. The standard conditions consist in: 7 d o f moist cured concrete (or 1 to 3 d o f 
steam cured concrete), drying at 40% o f RH, 150 mm is the thickness o f  the member (or 
volume-to-surface ratio o f 38 mm), and temperature o f 21 °C [ACI 209,1995].
The expression o f drying shrinkage using ACI 209 model can be done as follows:
' " T  +  ( t - t c ) 
35 days for moist 
7 days for steam c
f cured concrete 
[ ured concrete
[ 7 days for moist cured concrete (case o f  the present study) 
[l to 3 days for steam cured concrete
(4-7)
(4-8)
(4-9)
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where:
(esh)u: ultimate strain o f  drying shrinkage (equal to 780 for standard conditions).
Correction factors are applied for conditions other than standard conditions [ACI 209, 1992; 
and GOEL et al., 2006], In ACI 209 [1992], FANOURAKIS et al. [2003], and SCHINDLER 
et al. [2007], the correction factors for conditions other than standard conditions o f concrete 
are described in detail such as: initial moist curing, curing method and duration, age o f 
member, ambient RH, temperature other than 21 °C, average effective thickness o f  member 
other than 38 mm, volume-to-surface ratio, correction factors for concrete composition 
including slump, fme-to-coarse aggregate percentage, cement content, and air content. It 
should be noted that for slump less than 130 mm, fine aggregate percentage between 40-60%, 
cement content o f  279 to 445 kg/m3, and air content less than 8 %, the concrete composition 
factors are approximately equal to 1 [ACI 209, 2005]. The ACI 209.1R [2005] also mentioned 
in detail the factors affecting drying shrinkage o f hardened concrete, as follows:
•  Initial moist curing (moist cured for a period o f time other than 7 d), use shrinkage factor 
yep in Table 4.1 (Table 2.5.3 o f ACI 209, 1992).
• Ambient relative humidity X (for X >  40%):
fl.4 0 -0 .0 1 0 A  fo r4 0 < A <80
V i =  i (4-10)
k [3 .00-0 .030A  fo r8 0 < A < 1 0 0
Table 4.1 Shrinkage correction factors for initial moist curing [ACI 209, 1992]
Moist curing duration (d) Shrinkage yep
1 1 .2
3 1.1
7 1 .0
14 0.93
28 0 . 8 6
90 0.75
• Average-thickness (h) method (average thickness o f member other than 150 mm). The 
following formulae are recommended for thickness up to 305 - 380 mm.
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1.23 -  0.038h for the 1 st year o f drying
(h  in mm)
1 .1 7 - 0.029/i for ultimate values
• Volume-to-surface ratio ( V/S) method ( V/S  other than 3 8  mm):
yv.s = 1.2 exp(-0.00472* V/S) ( V and S  in mm)
•  Slump (s)
ys =  0.89 + 0 .0 0 1 6 b  (,s in mm)
•  Fine aggregate percentage ( ¥ )
0.30 + 0.014^/ io r y /  <50%
0.90 + 0.002^/ for y/ > 50%
• Cement content (yc)
yc -  0.75 + 0.00061c 
where c  is the cement content in kg/m3
•  air content (ya)
ya =  0.95 + 0.008a 
where a  is the air content in percent.
C) B3 [19951 model
In 1995, RILEM TC-107-GCS recommended the B3 model bases on the statistical analysis o f 
creep and shrinkage data in a computerized data bank involving about 15,000 data points and 
100 test series. The model is an improved version o f earlier models, namely the BP model o f 
BAZANT and PANULA [1978] and the BP-KX model o f BAZANT and KIM [1991], The 
prediction o f  material parameters using the B3 model is restricted to Portland cement 
concretes with the following parameter ranges:
•  17 < / ’c < 69 (MPa);
•  0.3 < w /c  < 0.85 (by weight);
• 160 < c <  721 (kg/m3);
• 2.5 < a / c <  13.5 
where
a!c\ aggregate-to-cement ratio (by weight); 
c: cement content o f concrete.
(4-11)
(4-12)
(4-13)
(4-14)
(4-15)
(4-16)
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The formulae are valid for concretes cured for at least one day. Formulae predicting model 
parameters from the composition o f concrete have not been developed for special concretes 
containing various admixtures, pozzolans, microsilica, and fibers. However, if  the model 
parameters are not predicted from concrete composition and strength but are calibrated by 
experimental data, the model can be applied, for example, to high-strength concretes, FRCs, 
and mortars [BAZANT et al., 1995a].
The BAZANT B3 formulation is similar to the CEB-FIP prediction formula. It has an ultimate 
shrinkage and humidity coefficient, as well as a time-dependent shrinkage function [AKTAN 
et al., 2004],
The main strain due to drying shrinkage through a section is given by the following expression 
developed by BAZANT et al. [1995a, 1995b]:
£sh(t> tc) CshukhS(t) (4-17)
(4-18)
1 for type I cement 
or, = - 0.85 for type II cement
1.1 for type III cement
(4-19)
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1 . 0 0  for an infinite slab 
1.15 for an infinite cylinder
k x = 1.25 for an infinite square prism 
1.30 for a sphere 
1.55 for a cube
(4-25)
S ( t )  = tanh -— — 
V ^ .
(4-26)
D  =  2 V /S (4-27)
where
£sh(t, tc): shrinkage strain ( 1 0 '6);
/: age o f  concrete at time o f observation (d);
tc\ age o f  concrete at which drying initiated, i.e. end o f curing (d);
eShu- ultimate shrinkage (for simplified analysis one can assume £ sh( t , t c ) » e xhu for t L =  7 d, 
and Tsh -  600 days. The typical values o f  e shu range from 300x 0-6  to 1100x 1(T6); 
kf,: factor depends on RH;
h: relative humidity (RH) o f  the environment at ambient temperature (decimal);
S(t): time function for shrinkage; 
a  p. factor depends on type o f cement; 
ay. factor depends on curing condition; 
w: water content in concrete (kg/m3);
fcm : measured mean 28-d compressive strength o f  concrete (MPa);
Ec : 28-d modulus o f  elasticity o f concrete (MPa);
£ c( t ) : modulus o f elasticity o f concrete at age t (MPa);
£ c(to) : modulus o f elasticity o f  concrete at age /„ (MPa); 
tsh'. shrinkage time coefficient (shrinkage half-time) (d);
ks: cross-section shape factor (the analyst needs to estimate which shape approximates his 
conditions best, but high accuracy in this respect is not needed and ks ~ 1 can be assumed for 
simplified analysis); 
k,\ factor;
D: effective cross-section thickness;
V/S: volume-to-surface ratio;
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In the case o f  the fibrous matrix, FILHO et al., [2005] investigated drying shrinkage o f cement 
mortar composites reinforced with vegetable fibers. These authors adapted the B3 model 
equation and included a coefficient which considers the influence o f  V f  and its aspect ratio 
(£ /□ /)  on the matrix shrinkage (Eqs. 2-39 to 2-41).
£sh(t, to)'- shrinkage strain for t - t 0 duration o f  drying;
k/. coefficient that introduces the influence o f  fiber reinforcement on the matrix shrinkage; 
kjEsh*:. final value o f the shrinkage strain;
h: environmental RH expressed as a decimal number; not as percentage (0  < h <  1);
Pf. coefficient depending on the type o f  the fiber;
Vf, L f, and d f  volumic fraction, length, and diameter o f fibers, respectively.
When fibers are considered (using the coefficient k  f ), no change was applied in the modified
shrinkage graph, compared to the same graph without consideration for fibers in mixtures, 
because this coefficient is generally equal to 1 with some range changes o f  1 0 '4, which are 
negligible. This is well confirmed by BAZANT in a private communication [April 29, 2007]: 
“The effect o f  fibers is small at working stress levels, and virtually zero if  prestressed. Fibers 
affect deformation only if  there are widely opened cracks” .
D) CEB-FIP [1990] model
The prediction o f concrete shrinkage by the CEB-FIP [1993] model code is restricted to 
ordinary structural concretes, having 28-d mean cylinder compressive strength varying from 
12 to 80 MPa, mean RH o f 40% to 100%, and mean temperature o f  5 to 30 °C [GOEL et al., 
2006],
(4-28)
(4-29)
0 .7x10  6 for sisal fiber 
2 .0 x 1 0 “6 for coconut fiber
(4-30)
where
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The total shrinkage strain is calculated from the following formula:
£cso — £? (fcm)(fiRn)
Es i f  cm) = [160 +10/7 V[ (9 -  0. \ f cm)] x 10- 6
1“ f  2A‘ ), 1 0 ° / C
2+  ( / - / , . )  >
(4-31)
(4-32)
P*
4 for slow hardening (low heat development) cements SL 
(Type II and type V)
5 for normal or rapid hardening (heat development) cements N and R 
(Type I and Type III)
8  for rapid hardening high strength cements RS
(4-33)
-1 .5 5 P ARH for 40% < RH < 99%, stored in air
0.25 for RH > 99%, immersed in waterP rh
p AR H = i - ( R H / m y
(4-34)
(4-35)
where:
ecso: drying shrinkage o f Portland cement concrete (mm/mm); 
r,s (fcm) : drying shrinkage obtained from RH-shrinkage chart;
P rh\ coefficient incorporating the effect o f RH on ultimate shrinkage;
RH: relative humidity;
/: age o f  concrete at time o f observation (d);
tc: age o f concrete at which shrinkage initiated, i.e. end o f curing (d); 
fisc'- coefficient which depends on the type o f cement;
The cement type factor is given according to European cement types, but it is also defined for 
ASTM type cements as shown above.
A c: section cross area (mm2);
p :  perimeter o f the component in contact with air (mm); 
fcm- concrete mean 28-d compressive strength (MPa);
FANOURAKIS et al. [2003] reported that according to the CEB-FIP [1993] model, drying 
shrinkage is affected by parameters such as:
-  cement type;
-  28-d compressive strength;
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-  effective thickness o f component;
-  relative humidity.
E) GL [2000] model
GARDNER et al. [2001] presented their model (GL) which is modified from the earlier GZ 
model o f GARDNER et al. (1993). This model requires the 28-d specified concrete strength, 
element size, and RH. The GL model is applicable to concretes o f  characteristic strengths less 
than 70 MPa and w /c  o f  between 0.40 and 0.60 [GOEL et al., 2006], GARNER [2004] 
reported that concrete immersed in water swells about 15% to 20% o f the shrinkage 
experienced by the same concrete in a 40% to 50% RH environment.
Shrinkage strain is estimated using the following expression [GARDNER et al., 2001; GOEL 
et al., 2006; MOKAREM et al., 2005]:
£sh(t -  tc) =  esHlJ}(h )p(t) (4-36)
£ shu =  iooo a: (4-37)
1 for type 1ASTM cement (type N CEB cement) 
K  =  ■ 0.70 for type II ASTM cement (type SL CEB cement) 
1.15 for type III ASTM cement (type R CEB cement)
(4-38)
(4-39)
y [ t - t c + 0 . 1 5 ( F / S )
(4-40)
\
£ sh( t ~ t c )  =  m Q K  ——  x l0 ~ 6( l-1 .1 8 /i4 )
^ / - / c + 0 .1 5 (L /S )2
(4-41)
/
where
£<■/,„: notional ultimate shrinkage strain, 1 0 '6;
K:  correction factor for effect o f  cement type on shrinkage;
f cm2H: measured mean 28-d compressive strength o f  concrete (MPa);
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ft(h): correction term for effect o f humidity on shrinkage;
h: relative humidity o f  the environment at ambient temperature (decimal, 0  < h <  1); 
/?(/): correction term for the effect o f  time on shrinkage;
/: age o f  concrete at time o f observation (d);
tc: age o f concrete at which drying initiated, i.e. end o f curing (d);
V/S: volume-to-surface ratio (mm);
F) KL [2010] model
This model was proposed by Khayat et al. [2010], It is based on AASHTO LFRD [2004] 
model. The authors proposed a correction factor (kc) for the normal-set cement type. 
According to AASHTO LRFD [2004] and for moist-cured systems, drying shrinkage can be 
calculated using the following equation:
e *  =  ~ k ck sk h
/  t  N 
35 + /
k. =
t
2 6 e 0 .0142(1-7  .S') + /
/
x0.51 x!0~
1 0 6 4 -3 .70(K /  S )  
923
45 + /
, 140 - H
k h = -----------
* 70
where
£sh(t)- predicted shrinkage strain (x 1 0 '3);
/: time (d);
k c : cement factor proposed for AASHTO 2004 model (equals to 0.918); 
k s : size factor, function o f V/S (volume-to-surface ratio); 
k h : humidity factor.
(4-42)
(4-43)
(4-44)
G) SAKATA [1993] model
This model was developed by SAKATA [1993] and the shrinkage strains can be predicted as 
follows:
esh(t, to) =  esh4 \  - e x p { —0.108(/ —/o)0 56}] (4-45)
e^oo = -  50 + 78{1 -  e x p ( R H / \ 0 0 ) }  + 38 In W -  5[ln{(K/5)/10} ] 2 (4-46)
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F,sh(t, to)'- predicted shrinkage strain (x 1 0 ‘5);
£sfrr: ultimate shrinkage strain (x 1 0 "5);
W: water content o f the concrete (kg/m3);
RH: relative humidity (%);
V/S: volume-to-surface area ratio; 
t: time (d);
to: time drying started (d).
4.2.4 Why modify drying shrinkage models?
To examine the applicability o f the ACI 209 [1992], the AASHTO LRFD [2005], CEB-FIP 
[1993], GARDNER-LOCKMAN [2000], and BAZANT B3 [1995] models on FR-SCC and 
FR-SCM mixtures designated for repair o f concrete infrastructure, these models have to be 
modified based on the experimental drying shrinkage results for such types o f  mixtures, which 
should be compared to the values estimated using the calculation methods. The modification 
o f  drying shrinkage models is necessary considering the difference in composition between 
conventional concrete (CVC) and FR-SCC and FR-SCM. Besides the factors mentioned 
previously, drying shrinkage can also be affected by many other factors such as fiber content, 
cement type (as binary, ternary, and quaternary cement), range o f workability due to presence 
o f admixtures, and slump measurement for CVC which is inverted to slump flow measurement 
for FR-SCC and FR-SCM (example o f prediction using ACI 209 model equation). The direct 
application o f  the current models on FR-SCC and FR-SCM without proper modification leads 
to large scatters between predicted values and experimental data. For FR-SCC and FR-SCM, 
correction factors related to material properties, ambient conditions, and geometry are needed 
to diminish the divergence between predicted and experimental shrinkage values. For example, 
GARDNER [2004] reported that as cement descriptions differ from country to country, data 
obtained from European cement concretes may not be directly comparable with those from 
North American cement concretes.
On the other hand, BAZANT et al. [1995] confirmed that formulae predicting model 
parameters from the composition o f  concrete have not been developed for special concretes 
containing various admixtures, pozzolans, microsilica, and fibers. Indeed, the modification o f 
the used models is due to the limitations o f their use, which, in turn, is due to the variety and
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complexity in input parameters (Table 4.2). In addition, there is no consensus concerning 
which data sets should be compared with prediction methods.
Table 4.2 Parameters considered in various prediction models
Factor A
A
SH
T
O
AC
I 
20
9
CQ C
E
B
-F
IP
o
o
o(N
SA
K
A
T
A
Materials Cement type X X X X
Cement content X
Compressive strength X X X X
Fine aggregate content X
w /c X X
Air content X
Fiber content X
Duration o f drying X X X X X X X
Modulus o f  elasticity X
Slump X
External Curing method X X X X
Relative humidity X X X X X X X
Structure Volume-to-surface ratio X X X X X X X
Thickness o f member X X
Cross-section shape X
4.2.5 Comparison between models
GARDNER [2004] compared different models on data from 107 series o f  drying shrinkage 
tests. The author concluded that when doing the comparison between different models, the 
equation o f the ACI model has a lot o f  scatter and an illogical trend, overestimates at early 
ages, and underestimates at late ages due to the lack o f  size effect in the time term o f the 
prediction equation.
GOEL et al. [2006] found that predictions o f shrinkage by the GL model are closest to the 
experimental results in comparison with ACI 209 provisions, B3 model, and CEB-FIP [1993]. 
The authors reported that in the GL model, the number o f parameters used to predict shrinkage 
is minimal in comparison with the other prediction models and these parameters are readily 
available. In view o f the GL model is simplicity and comparable accuracy with experimental
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results, the authors concluded that the GL model performs best for shrinkage and creep 
predictions in concrete. GOEL et al. [2006] and SCHINDLER et al. [2007] found that the 
shrinkage behavior changed from underestimation to overestimation with time when they used 
the GL model.
MOKAREM et al. [2005] analyzed shrinkage development on supplementary cementitious 
material concrete mixtures, using five predictive models (ACI 209 model, B3 Model, CEB 90 
code model, GL Model, and the SAKATA Model). The authors concluded that the GL model 
is the best fit to drying shrinkage for fly ash and slag cement mixtures, followed by the 
BAZANT B3, and CEB 90 models.
AKTAN et al. [2004] reported that MOKAREM et al. [2003] used crushed limestone gravel 
and diabase aggregate in concrete mixtures in order to see the effect o f the aggregate type on 
shrinkage. For all types o f aggregate, CEB-FIP [1993] is found to be a better predictor than 
ACI 209, GL, and B3 models. The GL and B3 models are found to be the second best 
prediction models. The ACI 209 model is found to be the least accurate in predicting drying 
shrinkage.
AKTAN et al. [2004] also reported that HANI et al. [2003] found that ACI 209 is a good 
predictor for 28-d shrinkage, and is more conservative for later ages. It was also established 
that the CEB-FIP [1993] model is a good shrinkage prediction model for concrete at very early 
ages. Researchers state that the BAZANT B3 model is a good prediction model for long-term 
shrinkage.
The European committee formulation is an accurate method for predicting shrinkage, since it 
incorporates almost all factors that may affect shrinkage. The results o f this formulation are in 
close agreement with the BAZANT B3 formulation in the long term [MOKAREM et al., 
2003; and HANI et al. 2003]. In addition, the CEB-FIP [1993] model is quite accurate for 
early-age predictions since it was developed for specimens cured in short durations [HANI et 
al., 2003],
Recent study on the GL model indicates that the formulation is accurate when estimating 
shrinkage o f concrete containing low heat pozzolans (like fly ash and slag) [MOKAREM et al., 
2003],
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4.3 Creep
4.3.1 Modeling of creep
There are many creep tests that can be carried out on concrete such as flexural creep, 
compressive creep, tensile creep, shear creep, and torsion creep. In the following, some 
existing model equations that were established to predict creep o f concrete, considering 
different parameters.
A) AASHTO LRFD [2007) model
The creep coefficient can be determined by the following formulas:
V i U t , ) = \ .9 k vsk hck f k,dC u% (4-47)
k vs = 1.45 -  0.13(V  / S )  >  1.0 (4-48)
khc = 1 .5 6 -0 .0 0 8 //  (4-49)
‘  - w ;  <4-5°>
k nl =
'  t 
6 1 -0 .5 8 /; ,  + t y
where:
khi : humidity factor for shrinkage;
H : relative humidity (%);
k vs: factor for the effect o f the volume-to-surface ratio o f the component; 
k f : factor for the effect o f concrete strength; 
k tJ : time development factor; 
t : maturity o f  concrete (d);
/,: age o f  concrete when load is initially applied (d);
V!S\ volume-to-surface ratio;
/ , :  specified compressive strength o f  concrete at time o f prestressing.
(4-51)
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B) ACI 209R [1992] model
where:
vu : ultimate creep coefficient (d); 
y c : correction factors; 
v ,: creep coefficient; 
t : time after loading (d).
C) CEB-FIP [1990] model
V =  -------------------V
'  1 0 +  / 060 ‘
(4-52)
v1( = 2 .3 5 /t (average value) (4-53)
(4-54)
(4-55)
0.46 (h /h 0)
(4-56)
RH n = 100%
h = 2 A c / u
K =100
(4-57)
cm ( f  / f  5\ J  cm J  cm  0 /
(4-58)
/W o) =
0.1 +  (/0 / / , ) a2
(4-59)
0.3
(4-60)
/  n  i t  \  »
p H =  150 1+ 1.2------- — + 250< 1500
I  )  h0
(4-61)
t, = 1
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where:
f cm : concrete mean compressive strength (MPa); 
RH : relative humidity (%);
A c : section cross area (mm2); 
u : section perimeter (mm); 
t : age o f concrete (d); 
t 0: age o f  concrete at loading (d).
D) GL [2000] model
This model was developed by GARDNER et al. [2001], The creep calculations are presented 
in the following equations.
fa sSpecific creep =
Jcm2S
Compliance J ( r ,r 0 )  ----------  ^specific creep
(4-62)
(4-63)
'cm t 0
0 (<->o)0'3 1 f 7 ] 0.5 f ' - ' 0  1 0.5 + 2.5(1 -  1 M 6 h 2) f t - t o  ) 0.5'
U - 'o ) ° - 3 + m , J o J ~ l o + 7 , ( t -  / 0 + 0.15.(F/ s y  J
f as  = f a ‘c)
l f t 0 = t c ,</>(tc ) =  \ 
when t 0 >  t c , ^ (/t ) = 1 -
t ~ t .
t - t c + 0.12.(F  /  S )
0.5
(4-64)
(4-65)
(4-66)
<!>{tc ) : correction for drying before loading;
(q : age o f  the load applied (d);
<j>2 s '■ creep coefficient;
E cm2S ’■ 28-d modulus o f  elasticity;
E cm to : modulus o f  elasticity at time o f loading;
fc tm O : concrete mean compressive strength when loading commenced (MPa); 
t o : age concrete loaded (d).
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E) SAKATA [1993]model
£ c c ( t , t ' , t o )  =  e'crco | l  -  exp{- 0.09(/ -  / ' )0 6 } (4-67)
(4-68)
e hcxi = \ 5 ( C  +  W ) 2( W  / C )2 '4 (ln / ' ) ~ 0 '67 (4-69)
e dcaD =  4 5 0 0 ( r  / C ) 4 -2 (C  +  W ) ] A [ln{(K / S ')/10} ] " 2 2 (l - R H I 1OO)0 3 6  ( t 0 ) 0 3  (4-70)
s dc* : drying creep (><10'lo/(N/mm2)); 
t : age o f the concrete (d);
/ ':  age o f the concrete at loading (d);
/q : age o f the concrete at the beginning o f  drying (d);
C : cement content (kg/m3);
W  : water content (kg/m3);
VIS: volume-to-surface ratio o f concrete member (mm); 
RH: ambient relative humidity (%).
f cc( / , / ', /0 ) : predicted specific creep (xlO‘10/(N/mm2)); 
£-£coo : basic creep (x lO 'lo/(N/mm2));
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CHAPTER 5 MATERIALS, MIXTURE PROPORTIONS, MIXING, AND TEST 
METHODS 
5.1 Materials
A sand, two coarse aggregate types, two cement types, five fiber types, two high-range water- 
reducer admixtures (HRWRAs), two viscosity-modifying admixtures (VMAs), two air- 
entraining admixtures (AEAs), one shrinkage-reducing admixture (SRA), and one expansive 
agent (EA) were used. These materials are described below. It should be pointed out that no 
more one HRWRA, one VMA, and one AEA were used together in the mixture.
5.1.1 Aggregate
Crushed limestone aggregate obtained from the Aime Cote quarry with 5-20 mm size was 
used for the conventional vibrated concrete (CVC) and fiber-reinforced conventional vibrated 
concrete (FR-CVC) mixtures. A small aggregate with 2.5-10 mm size was employed for the 
self-consolidating concrete (SCC), fiber-reinforced self-consolidating concrete (FR-SCC), 
fiber-reinforced superworkable concrete (FR-SWC), and fiber-reinforced self-consolidating 
mortar (FR-SCM) mixtures. Well-graded siliceous natural sand also from the Aime Cote 
quarry was used. The gradations and properties o f the fine and coarse aggregates are 
summarized in Table 5.1. Particle-size distributions o f  the sand and coarse aggregate are 
plotted in Figs 5.1 and 5.2 and are in compliance with CSA A23.1 Standard recommendations.
5.1.2 Cement
The SCC, FR-SCC (FR-SWC), SCM, and FR-SCM mixtures were made using Ternary 
blended cement, CSA Type GUb-F/SF cement (Tercem 3000), provided by Lafarge North 
America. This cement type contains approximately 70% GU cement, 25% slag, and 5% silica 
fume. For the CVC and FR-CVC mixtures, GU cement from Holcim Cement was used. The 
physico-chemical properties o f  these cement types are presented in Table 5.2.
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Table 5.1 Grain-size distribution o f coarse and fine aggregates
Aggregate type 5-20 mm 2.5-10 mm Sand
Aggregate type 1 2 3 1 2 3 4 1 2 3 4
Sieve size (mm) Passing (%)
28 1 0 0 1 0 0 1 0 0
2 0 98 98 99
14 64 64 79
1 0 38 38 49 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 0 0
5 7 7 5 15 26 12 16 99 99 98 98
2.5 2 2 — 4 4.8 3 4 90 8 6 85 92
1.25 2 2 — 4 — 2 3 74 6 8 67 79
0.630 51 47 47 56
0.315 30 28 26 2 1
0.160 11 11 7 5
0.080 2 3.1 1 1
Plate 0 0 0 0 0 .1 0 0 0 0 . 2 0 0
Specific gravity 2.72 2.72 2.72 — 2.74 2.72 2.72 2 . 6 6 2 . 6 6 2.65 2.64
Absorption value (%) 0.37 0.29 0.36 — 0.34 0.57 0.57 1 .1 2 1 .2 0 1.27 1.43
100
BCe
10 100
Sieve size (mm)
Fig. 5.1 Grain-size distribution o f 2.5-10 mm coarse aggregate (typical results)
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100
DC
.3
80S
10 100
Sieve size (mm)
Fig. 5.2 Grain-size distribution o f 5-20 mm coarse aggregate (typical results)
Table 5.2 Physico-chemical properties o f the used cement types
— Cement  type 
Properties
GUb-S/SF GU
( S i0 2 26.5 20.9
£ /-N 
°  ^ A120 3 5.1 5.07
*3 *2 Fe20 3 2.7 2.07
O  T 3
E S CaO 55.8 63.7
I  o
JS MgO 4.0 2.06
u Na20  eq. 0.79 0.89
C/3 50 % passing diameter (D50), pm 14 17
73 . 2 Specific surface, m2/kg 645* 385
C/3 <U>> o. Percent passing 45 pm 95 94JS o 
ft* g, Specific gravity 3.05 3.14
L.O.I., % 0 . 8 2.5
* High value due to presence o f silica fume 
5.1.3 Admixtures
Some phases o f this work were carried out using polycarboxylate-based HRWRA, synthetic 
resin-type AEA, and a liquid-based VMA. The latter is a polysaccharide bacterial type VMA. 
The three admixture products were supplied by manufacturer A (BASF). In other mixtures, 
polynaphthalene sulfonate-based HRWRA, another synthetic resin-type AEA, another liquid- 
based VMA, a liquid propylene glycol ethers-based reducer-shrinkage admixture (SRA), and a 
powdered EA were used and were supplied from manufacturer B (Euclid Chemicals Canada).
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The SRA was used in some mixtures at 2% o f the mass o f cementitious materials, which 
corresponds to the maximum dosage rate recommended by the admixture supplier. On the 
other hand, the EA was incorporated at 6 %, by mass o f  cementitious materials, which 
corresponds to a medium dosage rate. The SRA and EA can be incorporated with ranges o f 
1% to 2% and 3% to 10%, respectively, to reduce shrinkage.
The properties o f  these admixtures are presented in Table 5.3. The dosage o f the AEA was 
adjusted to secure air content o f 6.5 ± 1% to resist freezing and thawing and de-icing salt 
scaling. The VMA was used to maintain the air-void network homogeneously and resist 
bleeding, segregation, and surface settlement.
Table 5.3 Properties o f admixtures used
Admixture Specific
gravity
Solid content 
(%)
Dosage*
(ml/ 1 0 0  kg cement)
1<■> PCP-based HRWRA 1.08 1 9 .5 -2 1 .5 1 9 5 -1 1 7 0
C  U-4
I  3
VMA 1 .0 0 2 N.A. 1 3 0 -3 8 9
AEA 1 .0 1 1 1 .7 -1 3 .5 8 - 9 8
CQ PNS-based HRWRA 1.2025 3 9 - 4 3 625 -  750
3 VMA 1.207 4 3 - 5 0 1 1 0 0 -2 7 0 0•*-*o AEA 1 .01 10.5 3 0 - 1 0 0
3
g SRA 0.95 0 1 0 5 3 -2 1 0 5
2 EA 3.10 1 0 0 3 - 6
Dosage recommended by the manufacturer
5.1.4 Fibers
Three polypropylene fibers: monofilament synthetic (MO-S), multi-filament synthetic (MU-S), 
and a hybrid o f  micro-macro synthetics (MI-MA); a hybrid o f steel and polypropylene fiber 
(ST-PP); and a steel fiber (ST) were investigated (Figs 3.3 to 3.7). All fibers have aspect ratios 
(Ljldf) lower than 100. The main characteristics o f  the fibers are presented in Table 5.4. Fiber 
MI-MA was investigated only for drying shrinkage and mechanical properties (chapters 6  and 
7).
Workability characteristics and mechanical properties o f  FR-SCC made with the various fibers 
are presented in previous work [KASSIMI, 2008].
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Fig. 5.3 Fiber MO-S Fig. 5.4 Fiber MU-S
Fig. 5.5 Fiber MI-MA
Fig. 5.6 Fiber ST-PP Fig. 5.7 Fiber ST
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Table 5.4 Physical and mechanical properties o f fibers used
MO-S MU-S ST-PP PP-MM ST
Material Propylene Propylene Steel
92%
Polypropylene
8%
Macro-
monofilament
polypropylene
(80%)
Micro-
fibrillated
polypropylene
(20%)
Steel
Shape*u Straight
monofilament
Kinked
monofilament
Crimped Multifilament Crimped
I;— '::/.'
Hook
Color Transparent White Grey White Grey Transparent Grey
Cross section Rectangular Irregular Rectangular Micro­
circular
Rectangular Micro-
rectangular
Circular
Specific gravity 0.92 0.92 7.80 0.91 0.91 0.91 7.85
Length, Lj (mm) 40 50 42 ........... 50 20 30
Equivalent diameter, r//(mm) 0.44 0.67 1.2 0.05 0.9 0.05 0.55
Aspect ratio, L /d j 91 74 35 100-300 56 400 55
Modulus of elasticity (GPa) 9.5 5 203 N.A. 7.16 N.A. 200
Tensile strength (MPa) 620 550-600 966-1242 Neglected 413 N.A. 1100-1300
Absorption Nil Nil Nil Nil Nil Nil
Electrical conductivity Low Low N.A. Low Low Low N.A.
Melting point (°C) 160 N.A. N.A. 162 164 162 N.A.
Ignition point (°C) 590 330 N.A. N.A. N.A. N.A. N.A.
Resistance to alkalis and acids High Excellent N.A. N.A. N.A. N.A. N.A.
Shapes are not to scale. 
l2) Multi design gradation. 
N.A.: not available.
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5.2 Mixture proportioning
5.2.1 Conventional vibrated concrete
A conventional vibrated concrete (CVC) with w /c  o f 0.50 and nominal compressive strength 
o f 30 MPa was used as reference concrete. The mean slump value was in the range o f 100 ± 20 
mm with a loss o f fluidity o f 30 mm after 40 min between water-cement contact, while the 
ambient temperature was 20 ± 2 °C. The mean density o f  CVC was 2285 kg/m3. To make this 
concrete representative o f  reality, air bubbles were entrained within, giving a total air volume 
o f  5% to 8 % in order to resist freeze-thaw cycles according to the region’s ambient conditions. 
The mixture composition o f this CVC is given in Table 5.5.
5.2.2 Self-consolidating concrete
The mixture proportions o f SCC are presented in Table 5.5. This mixture was proportioned 
using the “absolute volume method” developed by KHAYAT et al. [2013]. The mix design o f 
this concrete considered the following:
•  Water-to-binder ratio (w /b ) is fixed to 0.42 to ensure good workability and good 
mechanical properties, and considers the cracking po ten tial;
• Coarse aggregate-to-sand ratio, by mass, is fixed to about 1.0 to ensure good workability;
•  Coarse aggregate volume o f 29% o f the total volume o f the SCC mixture;
•  Paste-to-sand volumetric ratio is fixed to 0.82;
•  Ternary cement content o f 475 kg/m3 represents an adequate dosage in terms o f strength, 
economy, and durability for structural repair.
5.2.3 Fiber-reinforced self-consolidating concrete and fiber-reinforced superworkable 
concrete
For the design o f  fiber-reinforced self-consolidating concrete (FR-SCC) and fiber-reinforced 
superworkable concrete (FR-SWC) mixtures, a proportional relationship was used between 
fiber volume ( Vj) to be incorporated and coarse aggregate content to be removed from the 
mixture to maintain the same thickness o f  mortar covering both fibers and coarse aggregate 
(tcm) in the reference SCC. Therefore, the volume o f coarse aggregate decreases when the
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incorporated V/ increases in the SCC mixture. The coarse aggregate-to-sand ratio decreases as 
a consequence, but w /b  and paste volume remains constant. The coarse aggregate portion to be 
removed in the FR-SCC can be determined using “the concept o f mortar thickness” inspired 
from VOIGT et al. [2004], The thickness o f the mortar layer covering coarse aggregate and 
fibers can be calculated as follows:
V  - V  - V  - V  
A ' + A f
where Vc, Vg , V/, and Vv are the total volumes o f concrete, coarse aggregate, fibers, and air 
voids in the dry mixture o f coarse aggregate and fibers, respectively; and A g and A j  are the 
total surface areas o f coarse aggregate and fibers, respectively. Vf is taken as a volume fraction 
and not as a ratio. The A g and A j  can be expressed, respectively, as:
A k = — -  (5-2)
P .d
where p  is the aggregate density and d  is the aggregate apparent diameter o f the aggregate. The 
final A g is the average o f each individual A g portion corresponding to each aggregate diameter 
obtained from the aggregate gradation (10, 5, 2.5, and 1.25 mm for the aggregate with MSA of 
1 0  mm).
The value o f  yf/can be expressed as:
A % fiber x specific gravity x surface area o f single fiber ^
volume o f single fiber x specific gravity
Equation (5-3) can also be expressed as:
4V,
A , = - L  (5-4)
d )
When fibers are incorporated into a given quantity o f  coarse aggregate, Vv can be calculated 
according to ASTM C 29. The mixture composition o f all investigated FR-SCC mixtures is 
presented in Table 5.5.
5.2.4 Fiber-reinforced self-consolidating mortar
The fiber-reinforced self-consolidating mortar (FR-SCM) mixture proportioning consists o f 
substitution o f the total amount o f coarse aggregate o f the reference SCC by an equivalent
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amount o f  sand corresponding to the same specific surface (specific surface method). In other 
words, the total amount o f  coarse aggregate to be removed must be replaced by an additional 
amount o f  sand o f equivalent specific surface. The \\'/h remains constant o f 0.42 as in the 
reference SCC.
Self-consolidating mortar (SCM) mixtures were initially prepared with high V/ o f  2.15% and 
then 1.6% V/. However, such high V/, despite the use o f VMA, resulted in segregation, 
especially in the case o f  synthetic fiber. Therefore, a lower V/ o f  1.4% was used as an upper 
limit for the investigated SCM mixtures. In Table 5.5, the sand and coarse aggregate contents 
depend on their grain-size distribution.
The dosages o f admixtures varied for the same mixture depending on the aggregate 
characteristics, range o f  desired workability, and mixing energy. The concrete mixtures were 
prepared in 80-liter or 110-liter drum mixers as well as open-pan 400-liter capacity mixer. 
Depending on the mixing energy, slight changes in HRWRA content were made to maintain 
the required workability. The VMA and AEA contents were kept constant, regardless o f  the 
mixer capacity.
5.2.5 Air entrainment in freshly prepared mixtures
HWANG et al. [2006J have shown that for SCC, an air volume o f 6 % and 9% would be 
needed to resist freezing and thawing cycles, especially when using polycarboxylate-based 
HRWRA. All investigated mixtures in this thesis were designed with incorporation o f AEA to 
target values o f  air bubbles between 5% and 8 %. Values o f around 9% were still acceptable 
but not recommended because o f  the influence on the mechanical strengths o f the 
concrete/mortar in the hardened state. The AEA dosage was often adjusted for the same fybut 
different fiber types used.
5.3 Mixing sequence
The mixing procedure was performed according to ASTM C 192 with some modification for 
the self-consolidating mixtures. As mentioned earlier (Section 5.2.4), the concrete/mortar 
mixtures were prepared in drum 80-liter and 1 1 0 -liter capacity mixers used for mixture 
characterization and sampling specimens for the hardened state (Figs 5.8 and 5.9). Batches o f
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60-110 liters were prepared to offer sufficient representative volume for each mixture and to 
facilitate its mixing and homogenization. Concrete for full-size beams was prepared in an 
industrial open-pan 400-liter capacity mixer (Fig. 5.10). The batch volume varied according to 
the volume o f concrete needed for casting the beams.
5.3.1 Conventional vibrated mixtures
The mixing procedure for the conventional vibrated mixtures, including concrete (CVC and 
FR-CVC) and mortar (CEM and FR-CEM), is described as follows:
1. Homogenization o f  sand for 30 s;
2. Correction o f water content in the sand and coarse aggregate (CA) (if used);
3. Incorporation o f CA + fibers ( if  used) + l/ 2 amount o f water + AEA over 1 min;
4. Addition o f binder and mixing over 30 s;
5. Addition o f the remaining Vi water content and mixing over 2 min;
6 . Rest for 2 min;
7. Mixing again for 2 min.
5.3.2 Self-consolidating mixtures
The mixing procedure o f the self-consolidating mixtures (SCC, FR-SCC, SCM, and FR-SCM) 
consisted o f  [HWANG, 2006 with some modifications]:
1. Homogenization o f sand for 30 s;
2. Correction o f water and sand contents, as well as CA content (if used). The last component
is almost considered in surface saturated dry (SSD) state, so that it is not necessary to
calculate its humidity;
3. Incorporation o f CA + fibers (if used) + Vi water content + AEA and mixing during 1 min. 
As some fiber types are difficult to separate, or when high Vf is used, the mixing duration 
could be longer but in a way to not influence the stability o f the air bubbles;
4. Addition o f the binder (and EA if  used) and mixing for 30 s;
5. Addition o f  the remaining Vi amount o f water and Va HRWRA volume, and mixing for 1 
min;
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Table 5.5 Typical C om position o f  concrete m ixtures
'^ \ P r o p e r t i e s  & constituent Dosage (kg/m3)
M ixture/fiber^ '""-
type
w
/c
m £
Fi
be
r
W
at
er
C
em
en
t
Sa
nd <
U
CVC & R ef CVC 0.50 0 0 0 175 350 660 1070
-  g2 3
FR-CVC MU-S 0.50 0.5 37 4.6 175 350 740 986
o £ 0.50 1 74 9.2 175 350 811 898
c  E ST 0.50 0.5 27 39.3 175 350 711 1013
co =5 0.50 1 55 78.5 175 350 744 967T \U j O C EM & R ef CEM 0.50 0 0 0 293 585 1194 0
FR-CEM ST 0.50 0.8 44 62.8 293 585 1177 0
SCC & R ef SCC 0.42 0 0 0 200 475 781 792
FR-SCC MO-S 0.42 0.25 23 2.3 200 475 828 736
0.42 0.3 27 2.8 200 475 839 728
0.42 0.4 36 3.7 200 475 850 710
0.42 0.5 46 4.6 200 475 865 692
0.42 0.75 68 6.9 200 475 914 634
MU-S 0.42 0.25 18 2.3 200 475 813 752
0.42 0.3 22 2.8 200 475 823 742
0.42 0.5 37 4.6 200 475 844 713
0.42 0.75 55 6.9 200 475 861 689
C/5
Si MI-MA 0.42 0.25 21 2.3 200 475 814 751
3 0.42 0.3 25 2.7 200 475 828 737
' i 0.42 0.5 42 4.6 200 475 860 697
anc 0.42 0.75 63 6.8 200 475 884 665
asT3 ST-PP 0.42 0.25 12 18.1 200 475 794 772
"o 0.42 0.3 14 21.7 200 475 795 769
c
o 0.42 0.5 24 36.2 200 475 802 756u
ul 0.42 0.75 36 54.2 200 475 811 741
<L>
IS ) ST 0.42 0.25 14 19.6 200 475 798 768
0.42 0.3 16 23.6 200 475 801 763
0.42 0.5 27 39.3 200 475 813 745
0.42 0.75 41 58.9 200 475 830 721
SCM & R ef SCM 0.42 0 0 0 280 666 1172 0
FR-SCM MO-S 0.42 1.4 127 12.9 280 666 1134 0
0.42 1.6 146 14.7 280 666 1129 0
MU-S 0.42 0.8 59 7.4 280 666 1151 0
ST-PP 0.42 1.4 67 101.2 280 666 1134 0
ST 0.42 0.8 44 62.8 280 666 1151 0
0.42 1.4 76 109.9 280 666 1134 0
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Fig. 5.8 Drum 80-liter capacity Fig. 5.9 Drum 110-liter Fig. 5.10 open-pan 400- 
mixer capacity mixer liter capacity mixer
6. Incorporation o f VMA and mixing for 3 min (SRA if  used can be incorporated 1 min after 
VMA);
7. Rest for 2 min;
8. Correction o f the needed HRWRA volume with the remaining lA  HRWRA volume;
9. Mixing again for 2 min.
This mixing procedure is illustrated in Fig. 5.11.
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Fig. 5.11 Mixing procedure o f self-consolidating mixtures
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Dry multi-size conglomerates (fiber balling) can be formed during mixing o f mortar, 
especially when using metallic fibers. In this case, water should be added more slowly after 
the incorporation o f cement. It is useful to note that the introduction o f  fibers in the mixer is 
done simultaneously with CA. The proper weight o f CA, plus moistening using a portion o f 
water before addition o f the binder, allows good distribution o f  fibers into the mixture, notably 
with synthetic types having low specific gravities and having tendency o f separation. In this 
case, additional time is necessary to distribute the fibers uniformly, to separate the fibrillates 
o f  MU-S fiber type, or to disengage the texture o f  the micro portion as in the case o f  MI-MA 
and ST-PP fiber types. This additional time does not affect the mixture properties o f  the fresh 
state nor hydration mechanism because it takes place before the binder introduction. The 
advantage o f  this mixing procedure is to avoid formation o f  intrinsically dry conglomerations 
with some fiber types which are difficult to incorporate and distribute into the fresh mixture, in 
presence o f  VMA increasing the cohesion o f  particles.
Some operators incorporate fibers at the end o f  mixing and after admixture introduction. The 
disadvantage o f  this sequence lies in additional time demand after water-binder contact to 
homogenize totally the concrete matrix. This additional time is an important parameter that 
affects mixture properties o f both fresh and hardened states. Moreover, this time depends on 
the fiber ability o f  dispersion in the fresh matrix. This ability depends mainly on the geometric 
characteristic o f  fibers.
At the end o f mixing procedure, the sampling, testing, and casting o f beams (monolithically or 
in two stages as substrate and repair layers) for immediate flexure test or for flexural creep 
were immediately proceeded. The temperature o f the mixtures during sampling and testing 
remained at 20 ± 2 °C for the majority o f  the cases.
5.4 Characterization test methods
To investigate the properties mentioned in the following chapters (workability and mechanical 
properties, drying and restrained shrinkages, flexural response, flexural creep, and protocol o f 
consolidation o f test samples made with FR-SWC), the first step consisted o f developing and 
optimizing o f the various mixtures. Many series o f tests were carried out. The different test 
methods used for workability assessment are detailed in Table 5.6.
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The parameters o f study in most cases were: concrete type (SCC vs. CVC), CA content, and Vf 
(Table 5.7), as well as fiber type (Section 5.1.4). For repeatability purpose o f the investigated 
mixtures, some test methods were carried out 40 or 60 min o f  age.
The FR-CEM and FR-SCM mixtures were characterized by the same devices used for SCC 
and FR-SCC mixtures. The presence o f  fibers in mortar does not allow the use o f  specific 
devices, such as mini-funnel, mini-slump, etc. As reported by MUELLER [2009], the space 
between the bars should be adapted to the fiber geometry.
5.4.1 Slump, slump flow, wet density, and fresh air volume
The test methods used for all mixture types (CVC, SCC, FR-SCC, FR-SWC, and FR-CEM) 
are shown in Table 5.6. The characterization sequence followed for CVC and FR-CVC 
mixtures is to first measure slump value (ASTM C 143), specific gravity (ASTM C 138), and 
air volume o f  the fresh mixture (ASTM C 231). The measuring bowl (air-meter) was filled in 
three equal-depth layers by applying 25 strokes for each layer using a round straight steel rod 
with 16 mm in diameter and 600 mm in length. After each layer is rodded, the sides o f the 
bowl were tapped lightly 10 to 15 times with a 600 ± 200 g mallet.
For the FR-SWC mixtures, the slump cone used for the slump flow test was filled in one layer 
and consolidated using a 16 mm steel rod with application o f 10 internal strikes. The same 
protocol was used for determining the unit weight and air volume. For the rest o f  the mixtures, 
slump flow value (Fig. 5.12), T50 (T40 for FR-SWC), and visual stability index (VSI) were 
determined and adjusted by variation in HRWRA dosage. This test was followed by 
measurement o f the specific gravity and air volume in one layer without consolidation, J-ring, 
V-funnel, L-box, filling capacity, rheometer, and the surface settlement tests, successively. 
These test methods were repeated for some mixture types at 40 or 60 min o f age to evaluate 
the loss o f workability with time. No set retardant was used in the composition o f  the 
investigated mixtures.
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Table 5.6 Workability properties and test methods for SCC, FR-SCC, and FR-CEM
SCC/FR-SCC/FR- 
CEM behavior
Properties Test Method Test age Size of 
specimen
Physical Unit weight 
Air content
ASTM C 138 
ASTM C 231 
ACNOR A.23.2.4C
10-20 & 40 
min. or 
10-20 & 60 
min.
7.02 liters
Workability o f 
CVC and FR-CVC
Slump ACNOR A.23.2 
ASTM C 143
100x200x300 
mm cone
Filling ability Slump flow &
T50
ASTM C 1611
Rheology Dynamic yield 
stress & plastic 
viscosity
Modified Tattersall 
MK III rheometer
48 liters
Passing ability J-ring
L-box
V-funnel
ASTM C 1621
HWANG et al. 
[2006] with 
modifications
ASTM C 1621 
and § 3.4.2 
65x75 mm 
Fig. 5.15
Filling capacity Caisson filling 
capacity
HWANG et al. 
[20061
275x300x500 
mm (bxhxL)
Stability Surface 
settlement 
(static stability)
ASTM C 1610 
ASTM C 1611
over 24 h. Cylinders o f 
200x600 mm
Visual stability 
index
10-20 & 40 
min. or 
10-20 & 60 
min.
100x200x300 
mm cone
Air stability ASTM C 231 7.0 liters
Table 5.7 Fiber volumes used for different mixture types
vf  (%)
0 0.25 0.30 0.40 0.50 0.75 0.80 1.00 1.40 1.60 2.00 2.15
Conventional
vibrated
mixtures
CVC X
FR-CVC X X X
FR-CEM X
self-
consolidating
mixtures
SCC X
FR-SCC X X X X X
SCM X
FR-SCM X X X X
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Fig. 5.12 Slump flow diameter for reference SCC 
5.4.2 Modified J-Ring test
For the reference SCC, the standard J-Ring setup was used to evaluate the passing ability, 
providing a clear spacing between two adjacent bars o f  42.9 mm with use o f  16 bars according 
to ASTM C 1621. When the standard J-Ring setup was used to evaluate the passing ability o f 
the FR-SCC, considerable blockage o f the concrete was observed given the limited spacing 
between the reinforcing bars, and no clear relationship could be established between the J- 
Ring spread and fiber factor (RI), especially for mixtures with Vj greater than 0.5% [KHAYAT 
et al., 2013, in press]. The test was then modified to reduce the number o f bars in the J-Ring 
from 16 to 6 or 8 bars Fig. 5.13 to allow a clear spacing between two adjacent bars o f  at least
2.5 times o f the length o f the fibers. This resulted in better performance enabling the 
comparison o f  the performance o f different fiber types and contents. The use o f 8 bars 
provided a clear spacing between two adjacent bars o f 105 mm for MO-S, ST-PP, and ST fiber 
types (where L f <  42 mm) and the use o f 6 bars provided a clear spacing o f 140 mm for MU-S 
and MI-MA fiber types (where L / >  42 mm). For the FR-SWC mixtures, the slump cone used 
for the slump flow and J-Ring tests was filled in one layer and consolidated using a 16 mm 
steel rod with application o f 10 internal strikes.
As mentioned by ASTM C 1621 and presented in Table 5.8, the difference between the slump 
flow and J-Ring flow indicates the passing ability o f  concrete. A difference o f  less than 25 mm 
indicates good passing ability and a difference greater than 50 mm indicates poor passing 
ability.
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Fig. 5.13 Modified J-Ring setup with 8 bars 
Table 5.8 Blocking assessment
Difference between slump flow and J-Ring flow Blocking assessment
0 to 25 mm No visible blocking
> 25 to 50 mm Minimal to noticeable blocking
> 50 mm Noticeable to extreme blocking
5.4.3 Modified V-funnel test
Most studies select a V-funnel outflow opening size o f 75x75 mm. Other studies adapted these 
dimensions to the maximum size o f mixture components. More details are described in 
Appendix o f KASSIMI [2008] C. In this study, an outflow opening o f  65 x 75 mm was used 
for all self-consolidating mixtures (Fig. 5.14).
490
425
213 150
Fig. 5.14 V-funnel setup [EFNARQ, 2002]
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5.4.4 Modified L-box test
For FR-SCC and FR-SCM mixtures, a single bar was placed in the middle o f  the horizontal 
leg o f the L-Box setup, giving a clear spacing o f  80 mm (Fig. 5.15), instead o f three bars that 
are typically employed for non-fibrous SCC with a clear spacing o f  35 mm. The blocking ratio 
(H2/H 1) o f the L-box was determined using the Hi and H2 values corresponding to the heights 
o f  the concrete at both ends o f  the horizontal leg o f the device. Moreover, the mixture 
viscosity can be assessed using T 70 time spent to cross the horizontal leg o f  700 mm for the 
self-consolidating mixtures (SCC, FR-SCC, and FR-SCM). For the SWC and FR-SWC 
mixtures, T40 or T20 can be determined to cross 400 mm or 200 mm, respectively, in the 
horizontal leg (Fig. 5.15). More detail can be found in chapter 12.
150 1 200
Fig. 5.15 Modified L-box setup with 1 bar
5.4.5 Caisson filling capacity test
The filling capacity was evaluated using a 300x300x500 mm (bxhxL) caisson box with a clear 
width o f  275 mm. The caisson box contains 35 horizontal steel bars o f 16 mm in diameter with 
a clear spacing between two adjacent bars o f  35 mm (Fig. 5.16). The caisson box is considered 
the severest test method on the fibrous mixtures regarding the small ratio between the clear 
spacing between bars and the fiber length.
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hi hj h , h4 hs ^  h7 h?
Add co n cre te  till th is height
C oncrete
150
ee
Filling capacity (%) = A /(A +B )
Fig. 5.16 Dimensions o f caisson filling capacity setup
5.4.6 Rheometer test
A modified Tattersall two-point workability rheometer (MK III model) was used to determine 
the plastic viscosity ( p p) and dynamic yield stress (t0) as shown in Fig. 5.17. The geometrical 
characteristics o f the van are illustrated in Fig. 5.18. The rheometer was filled in one layer and 
did not undergo any mechanical consolidation before testing for all mixture types.
Fig. 5.17 Modified co-axial Tattersall Fig. 5.18 Geometry o f  the vane
MK III viscometer for concrete determining the rheological flow
curves [YAHIA et al., 2006]
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5.4.7 Surface settlement test
A column measuring 800 mm in height and 150 mm in diameter, instrumented with a LVDT 
and a Plexiglas plate, was used to evaluate static stability by surface settlement measurements 
o f the self-consolidating mixtures during the plastic stage. The test method was developed at 
the University de Sherbrooke [MANAI, 1995] and recently recommended to AASHTO as a 
test method for static stability o f  SCC [NCHRP, 2009]. The test method is recently 
standardized under ASTM C 1610. The column is shown in Fig. 5.19 and its dimensions are 
illustrated in Fig. 5.20. The range o f surface settlement until the hardening state (steady 
conditions) should not exceed 0.5% for stable mixtures with maximum rate o f settlement o f 
0.27%/hr after 30 min using MSA o f 12.5 mm [NCHRP, 2009].
Fig. 5.19 Column for volume Fig. 5.20 Dimensions o f the column for volume static
5.5 Sampling and consolidation
With every optimized and adopted mixture, a sampling procedure (ASTM C 192) was carried 
out following the workability test methods; i.e. at maximum o f 20 min between water-binder 
contact. The specimens were prepared for the following test methods: compressive strength 
i f ’c), splitting tensile strength ( f ’sp), modulus o f  elasticity (£ c), and cores for porosity and 
permeability by mercury-intrusion porosity (MIP) and rapid chloride-ion permeability (RCP), 
as well as for segregation and honeycomb distribution for the SWC and FR-SWC mixtures. 
All sampled specimens for the different test methods in the hardened state o f  this program are
Dial gage
Plexiglas plate
Diameter9 
150 mm
Thickness 
4 mm 4 screws 
L = 35 mm
PVC cylinder 
H = 800 mm
static stability stability test [HWANG, 2006]
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listed in Table 5.9. It is useful to note that mortar mixtures were sampled in the same 
cylindrical and prismatic molds used for the concrete mixtures. The mechanical consolidation 
energy is detailed in Table 5.10 according to each specimen size and mixture type. The 
number o f specimens prepared for each test and each age is mentioned in the subsequent 
chapters.
5.6 Curing
The curing o f  samples was carried out in compliance with ASTM C 192. The usual curing 
method o f samples used for mixtures’ characterization is described below and the exceptional 
methods are detailed in the following chapters.
5.6.1 Cylinders
In most cases, the sampled cylinders remained for 24 hr in laboratory conditions (normal 
temperature and humidity) and covered with plastic sheeting after casting, in compliance with 
ASTM C 192. After demolding, these samples were transferred to a 100% relative humidity 
(RH) chamber until mechanical testing. In some cases where cylindrical specimens were 
prepared with beams, the specific curing methods are described such as for flexure behavior in 
Section 9.8.2.2 and flexural creep in Section 11.5.
5.6.2 Prisms
During the 24 hr following casting, all drying shrinkage prisms were cured in normal 
laboratory conditions and covered with plastic sheeting, in accordance with ASTM 192. After 
demolding, the prisms were cured in 100% RH chamber for 6 d. The specimens were then 
removed and stored in a temperature-and humidity-controlled room at 23 ± 2 °C and 50% ± 
4% RH. At this time, initial measurements at 7 d o f  age were recorded. Measurements o f  strain 
variations continued until the end o f the drying shrinkage duration, generally up to 390 d o f 
age. The curing method followed for prisms prepared for sealed and unsealed conditions 
dealing with restrained shrinkage test method is described in Section 8.3.
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Table 5.9 Samples for tests in hardened state
Property Specimen Dimensions (mm) Standard Used in chapter
f c
Cylinder
dxh 100x200
ASTM  C 39 6, 8, 9, 11, and 12
In-place cores i o r f c ASTM  C 39 and ASTM  C 42 9
f sp ASTM  C 496 6, 8, 9, 11, and 12
Ec ASTM  C 469 6, 8, 9, and 11
Segregation analysis
H alf cylinder
ASTM  C 1610 12
Honeycomb distribution — 12
RCP Cylinder’ dxh 100x50 ASTM  C 1202 9
MIP Cube’ b3 19x19x19 — 9
fr Prism
bxhxL 100x100x400 ASTM  C 78 6 and 9
Drying shrinkage bxhxL 75x75x285 ASTM  C 157 7, 8, 9, and 11
Restrained shrinkage Ring ( d o u t - d in n ) x h (400-325)x l50 ASTM  C 1581 8
Four-point bending test
Beam
bxhxL 250x400x3200 — 9
Four-point flexural creep bxhxL 130x180x1800 — 11
Cored from 100x200 mm cylinders
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Table 5.10 M echanical consolidation methods for sampling specimens
Mixture type 100x200
mm
cylinders*
75x75x 
285 mm 
prisms*
100xl00x 
400 mm  
prisms*
Rings+ 250x400x 
3200 mm 
beams
130xl80x  
1800 m m  
beam s
Number o f 
layers
CVC & FR-CVC 2 2 3 2 2 1
SCC, FR-SCC ( V /<  0.3%), FR-CEM, & FR-SCM 1 1 1 1 1 1
FR-SCC ( V f >  0.3%) 1 1 1 1 1 1
FR-SWC I s 2 2 — 1 —
Internal 
consolidation 
(strikes or 
seconds)
CVC & FR-CVC 25+25 25+25 28+28+28 75+75 V ibration V ibration
SCC, FR-SCC (Vf <  0.3%), FR-CEM, & FR-SCM 0 0 0 0 0 0
FR-SCC (Vf >  0.3%) 5 5 10 15 0 0
FR-SWC 5s 5+5 10+10 — lA  vibration —
External 
consolidation 
(strikes or 
seconds)
CVC & FR-CVC 10+10 10+10 15+15+15 0 0 0
SCC, FR-SCC ( V /<  0.3%), FR-CEM, & FR-SCM 0 0 0 0 0 0
FR-SCC ( V / >  0 .3 % ) 5 5 10 0 0 0
FR-SWC 5s 5+5 1 0 + 1 0 — 0 —
Steel rod o f  10 mm in diameter * Steel rod o f  16 mm in diam eter x V ibrator 5 This is for sam pling specim ens o f  beam s
concrete; for consolidation protocol, see detail in Chapter 12.
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The prismatic specimens used for modulus o f  rupture (fr) testing remained exposed to the 
laboratory conditions (normal temperature and humidity) in their molds and covered with 
plastic sheeting for 24 hrs after casting according to ASTM C 192. The specimens were then 
demolded and transferred to a 100% humid chamber up to the testing day at a given age.
5.6.3 Rings
The curing method for restrained shrinkage rings is described in detail in Chapter 8.
5.7 Mixtures nomenclature
For the nomenclature o f  the FR-SCC mixtures along this thesis, the first term indicates the 
fiber type (MO-S, MU-S, MI-MA, ST-PP, or ST) and the second one refers to the fiber 
volume, Vf (0.3%, 0.5%, etc.). For the FR-CVC, FR-SWC, and FR-SCM mixtures, the 
nomenclature is preceded by CVC, SWC, or SCM, respectively. Examples: a self- 
consolidating mortar with steel fiber ST at 0.8% Vf is noted SCM ST 0.8%, a self- 
consolidating concrete with multi-filament fiber MU-S at 0.5% is noted MU-S 0.5%.
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CHAPTER 6 MECHANICAL PROPERTIES 
6.1 Introduction
The mechanical properties represent one o f the main characteristics o f concrete in the 
hardened state. For the concrete structures, the structural design and predictions o f structural 
properties are based on the mechanical properties o f  the concrete in use. This chapter was 
undertaken to seek the necessary information on the range o f mechanical properties o f  FR- 
SCC used for the repair o f infrastructures and to promote its wider use in the concrete industry. 
Mechanical properties investigated and reported in this chapter include compressive strength 
( f 'c), splitting tensile strength ( f ’sp), modulus o f elasticity (Ec), and modulus o f rupture (fr) at 
different ages and various mixture types. Other results o f mechanical properties are presented 
in the other chapters.
Given the lack o f information on the prediction models for mechanical properties o f  self- 
consolidating mixtures (SCC, FR-SCC, SCM, and FR-SCM), existing prediction models were 
studied and modified for the aforementioned concrete types. The existing models were mainly 
developed for conventional concretes. To predict mechanical properties for a specified 
concrete type, extensive experimental programs were conducted, which include various 
parameters for each concrete type, such as mixture components, mixing method, mechanical 
consolidation energy for FR-SWC, and curing method.
6.2 Typical test results on mechanical properties
Mechanical properties o f self-consolidating mixtures (with/without fibers) designated for 
repair o f  concrete infrastructure were determined and compared to those o f reference 
conventional vibrated concretes. For all the investigated mixtures discussed in this section, 
water temperature, type and capacity o f  mixer, characteristics o f fine and coarse aggregate, 
chemical admixture type, age o f  binder, curing method, batch volume, and size o f the sampled 
specimens were kept constant as much as possible. The mixture proportions and fresh 
properties o f  the investigated mixtures are presented in Table 6.1. The test methods used to 
characterize fresh properties are mentioned in Section 5.4. Specimen sizes and test methods 
used for the four mechanical properties are indicated in Table 5.9. The consolidation methods
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applied for different mixture types are described in Table 5.10. Two specimens were prepared 
for each mechanical property at each age.
After sampling, all the specimens were kept in the molds covered with plastic sheet and placed 
in the laboratory conditions for 24 hrs in accordance with ASTM C 192. The specimens were 
demolded at one day and then moist cured at 23°C and 100% RH condition until the ages o f 
testing (7, 28, 56, and 91 d) Mechanical properties o f the investigated mixtures are presented 
in Table 6.2.
In general, an increase in V f led to a reduction in both slump and slump flow values o f 
conventional vibrated mixtures and SCC, respectively, despite the decrease in the volume o f 
coarse aggregate. SCC mixtures had slump flow values o f 650 mm to 720 mm. Self- 
consolidating mortars had slump flow o f up to 800 mm. Both self-consolidating mixture types 
had dynamic yield stresses (io) less than 95 Pa. These mixtures had low VSI values (0 to 0.5) 
indicating good stability, T50 less than 2.5 s, indicating low plastic viscosity, p p (less than 12 
Pa.s). The self-consolidating mixtures also had J-Ring values greater than 600 mm, L-box 
blockage ratios higher than 0.8, V-funnel flow time lower than 4 s, and filling capacity greater 
than 80%. Given the fresh properties, the investigated self-consolidating mixtures are 
considered to have high deformability which is required for the repair technique described and 
used in Chapter 9. The filling ability, passing ability, and filling capacity responses had linear 
correlations with R1 as reported by KHAYAT et al. [2013].
Despite the reduction in coarse aggregate volume by the incorporation o f fibers, FR-self- 
consolidating mixtures developed similar f ’c (-24% to 11%) at age o f  91 d and similar E c (-2% 
to 7%), and competitive f r (-7% to 10%) compared to those o f the reference SCC. In addition, 
the use o f fibers led to an improvement on f ' sp (6%-30%), regardless o f the coarse aggregate 
content. The highest f sp values at 91 d were obtained for the concrete made with steel fiber ST 
with both contents o f  0.3% and 0.5%
In the case o f conventional vibrated concrete made with fibers, the reduction o f  coarse 
aggregate content resulted from the increase in volume o f fibers led to 7%-39%, 18%-38%, 
13% -21 %, and 8%-19% increase in f ’c, f ’sp, E c, and f r at 91 d, respectively, compared to 
corresponding mechanical properties o f the plain CVC, regardless o f  the fiber type and Vf.
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Table 6.1 M ixture proportions and fresh properties o f  typical mixtures prepared for determination o f  m echanical properties
Mixture type
Content (kg/m3) Dosage (ml/m3) Slump (flow)
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CVC 664 1076 350 175 0 0 352 190 2203 8.5
CVC MU-S 0.5% 740 986 350 175 4.6 0 0 150 80 2311 4.0
CVC MU-S 1% 811 898 350 175 9.2 1180 0 150 70' 2231 6.5
CVC ST 0.5% 711 1013 350 175 39.3 0 0 200 150' 2289 6.0
CVC ST 1% 744 967 350 175 78.5 0 0 294 100 2324 6.0
CEM ST 0.8% 1177 0 585 293 62.8 0 0 412 240' 0.7 0.5 450 2203 3.7 1.6 1.00 0.7 43 215 2
SCC 783 791 475 200 0 6000 200 250 720 1.2 0 690 2246 5.5 2.1 1.00 0.8 100 60 7
MO-S 0.3% 748 717 475 200 2.8 6470 120 152 680 1.1 0 650 2244 6.0 2.7 0.94 0.9 87 80 7
MO-S 0.5% 876 682 475 200 4.3 7530 120 152 670 1.4 0.5 620 2180 6.0 3.3 0.90 1.0 85 65 7
MU-S 0.3% 823 742 475 200 2.8 6940 120 152 700 1.5 0 680 2302 4.0 3.4 0.90 1.0 94 40 10
MU-S 0.5% 846 713 475 200 4.3 7650 120 152 680 2.5 0 650 2186 7.0 3.8 0.87 1.6 89 40 11
MI-MA 0.3% 814 751 475 200 2.7 7060 120 152 700 1.6 0 680 2234 5.5 2.9 0.89 0.8 85 55 8
MI-MA 0.5% 837 721 475 200 4.6 7650 120 152 680 1.7 0.5 660 2191 6.0 3.5 0.85 0.9 76 55 8
ST-PP 0.3% 799 766 475 200 21.7 7060 152 152 660 1.2 0 640 2211 7.5 2.6 0.85 0.8 94 30 12
ST-PP 0.5% 811 748 475 200 36.2 7880 152 152 650 1.9 0.5 600 2180 8.0 3.5 0.80 0.9 85 90 7
ST 0.3% 799 766 475 200 23.6 6940 120 152 700 1.1 0 680 2225 6.5 2.4 0.89 0.9 94 90 3
ST 0.5% 810 750 475 200 39.3 7410 120 152 680 1.3 0.5 615 2199 7.5 2.6 0.86 1.2 90 95 5
SCM 1172 0 666 280 0 6120 176 294 800 0.8 0 720 2120 5.5 1.9 1.00 0.3 94 55 5
SCM MU-S 0.8% 1151 0 666 280 7.4 8240 120 152 690 0.7 0 580 2120 5.7 2.2 0.89 0.5 79 55 8
SCM ST 0.8% 1151 0 666 280 62.8 7650 120 152 800 0.7 0 750 2172 5.0 0.5 1.00 0.5 95 85 2
Slump value
Note: Mixtures preceded by CVC or SCM are conventional vibrated concretes or self-consolidating mortars; if only fiber type mentioned, it means FR-SCC.
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Table 6.2 Mechanical properties o f  typical mixtures
Property 
Mixture t y p e \ .
f c  (M Pa) I f sp (MPa) | Ec (GPa) /.(M P a )
Age (d)
7 28 56 91 7 28 56 91 7 28 56 91 7 28 56 91
CVC 19.9 25.8 26.7 28.3 2.5 3.1 3.2 3.4 25.1 28.4 29.2 30.2 3.6 4.3 4.8 4.8
CVC MU-S 0.5% 27.4 27.9 33.4 39.4 3.4 3.9 4.2 4.4 28.8 31.6 32.6 35.9 4.1 5.2 5.5 5.8
CVC MU-S 1% 20.7 23.0 28.0 31.1 3.0 3.4 3.8 4.0 25.9 29.8 29.9 32.5 3.8 4.8 5.0 5.5
CVC ST 0.5% 24.0 31.5 31.6 34.2 3.2 4.0 4.2 4.7 27.2 31.8 31.8 33.1 4.4 4.6 5.3 5.4
CVC ST 1% 21.7 27.2 28.6 30.3 3.6 4.2 4.4 4.7 27.5 31.0 32.0 33.1 2.9 4.3 5.3 5.5
CEM ST 0.8% 30.2 35.1 41.8 42.1 4.5 5.2 5.3 6.0 21.4 23.9 24.8 26.6 5.3 6.1 6.9 7.3
SCC 36.1 44.3 48.1 49.6 4.0 4.8 5.1 5.3 29.5 34.1 35.2 36.2 5.9 7.1 7.5 8.1
MO-S 0.3% 37.3 45.7 48.4 53.3 5.0 5.5 5.6 5.7 30.2 34.7 35.1 36.3 6.6 8.1 8.2 8.6
MO-S 0.5% 36.7 47.7 53.2 53.4 4.4 5.0 5.5 5.8 29.0 32.8 34.3 34.9 6.3 7.5 7.7 8.2
MU-S 0.3% 40.8 49.7 54.8 54.8 3.9 5.5 5.6 5.8 31.2 34.7 35.5 37.1 7.1 8.4 8.5 8.8
MU-S 0.5% 36.7 45.2 50.2 54.9 3.8 5.4 5.9 6.0 28.9 33.8 35.0 35.4 6.3 7.4 7.8 8.0
MI-MA 0.3% 39.3 47.1 49.6 49.7 4.6 5.5 5.5 5.6 30.0 35.0 36.1 36.1 6.5 7.9 8.1 8.9
MI-MA 0.5% 36.3 40.5 45.1 51.9 4.6 5.0 5.3 5.9 29.4 34.1 34.9 35.9 5.4 7.5 8.0 8.2
ST-PP 0.3% 38.3 48.5 48.8 50.0 4.8 5.0 5.5 5.8 29.9 32.7 34.9 35.6 5.7 7.5 7.9 8.3
ST-PP 0.5% 29.6 33.5 36.5 37.6 4.1 4.8 5.3 5.8 27.7 32.5 33.2 34.5 5.6 6.3 6.8 7.5
ST 0.3% 38.5 50.6 53.6 55.2 4.6 5.2 6.0 6.1 30.8 35.9 36.2 38.8 6.3 8.0 8.1 8.2
ST 0.5% 37.7 47.9 49.1 54.2 4.9 6.4 6.8 6.9 31.1 35.5 35.7 36.8 6.4 7.6 8.1 8.3
SCM 31.7 35.5 48.2 53.1 4.5 4.8 5.2 5.6 24.1 28.9 29.2 29.8 6.2 8.3 8.4 8.5
SCM MU-S 0.8% 40.6 46.9 48.9 49.6 5.0 5.6 5.7 5.9 24.0 27.5 28.4 29.0 6.0 8.5 8.7 9.7
SCM ST 0.8% 38.3 48.0 49.0 50.7 5.3 6.6 6.8 7.2 23.3 28.0 29.1 29.5 6.3 8.2 8.5 8.9
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6.4 Prediction models for mechanical properties
The CVC and its derived mixtures (FR-CVC and FR-CEM), namely conventional vibrated 
mixtures, were prepared with w /c  o f 0.50. The SCC and its derived mixtures (FR-SCC/FR- 
SWC, SCM, and FR-SCM), namely self-consolidating mixtures, were prepared with w /c  o f 
0.42. The Vj used for each mixture type is given in Table 6.3. For a given mixture type, 
characteristics o f  mixture components, casting method, mechanical consolidation energy, and 
curing method were varied. Therefore, compressive strength values were varied for a given 
mixture type, as presented in Table 6.3.
Table 6.3 Volume o f fibers used for various types o f mixtures
vf (%) w /c m 28-d f ' c  
(MPa)0 0.25 0.3 0.5 0.75 0.8 1 1.4 1.6 2 2.15
CVC X 0.50 26-33
FR-CVC X X X 0.50 23-36
FR-CEM X 0.50 35
SCC X 0.42 41-60
FR-SCC X X X X 0.42 35-61
SCM X 0.42 36
FR-SCM X X X X 0.42 40-56
In addition to the mechanical properties reported in this thesis, the properties that were 
obtained from the Master thesis program [KASSIMI, 2008] and collected from many other 
characterization procedures during this experimental work were used for the prediction o f 
mechanical properties. The number o f measurements for each mechanical property, the 
number o f  specimens tested for each mixture at a given age, and the total specimens (cylinders 
and prisms) are given in Table 6.4. Prediction models o f  the main mechanical properties: f ’c, 
/'V(t), f'sp, fr, Ec, and Ec{t) are listed from Tables 6.5 to 6.7, where / ’c(t) and Ec(l) are time- 
dependent concrete compressive strength and elastic modulus.
The prediction models included different national model codes and research models (from 
literature) proposed for different mixture types such as conventional vibrated concrete 
with/without fibers, high-performance concrete, high-strength concrete, high-strength
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lightweight concrete, etc. Old versions o f some model codes were also presented when they 
have better prediction than newer versions, such as ACI 209, CEB-FIP MC. and CSA A.23.3. 
Existing prediction models wich consider fiber characteristics ( Vf and/or RI) are given in Table 
6.5, whereas models in Table 6.6 are designed basically for plain concrete. The unit weight 
values o f all fresh mixtures were determined for the purpose o f prediction.
If one FR-SCC mixture is prepared many times differently (without and with SRA or EA, 
different curing methods, or different mixers, etc.), and to predict one o f  its properties ( f ’spf  for 
example) at a given age, the needed f ’c is that o f  the reference SCC mixture prepared with the 
maximum common parameters.
Table 6.4 Total number o f specimens tested for mechanical properties prediction
Mechanical property Number o f 
measurements
Specimen per 
measurement
Sub-total o f 
specimens
Total
f ’c (100x200 mm) 500 2 or mostly 3 1121 2123
cylindersf s p  (100x200 mm) 258 3 or mostly 2 527
Ec (100x200 mm) 278 1 or mostly 2 475
f  (100x100x400 mm) 92 2 184 184 prisms
The applicability o f the prediction models was extended to other mixture types besides the 
original mixture characteristics for which the model was initially established. For instance, 
some models were designed for the plain CVC and applied in this study for other mixture 
types including those containing fibers. Some models were designed for concrete with metallic 
fibers, but in this study, they were also applied on mixtures with other fiber types such as 
synthetic and hybrid fibers. For a given mixture type, several mixtures were prepared with 
various parameters to enhance credibility o f  the prediction models, as follows:
- Fiber type: 5 types (mono-filament synthetic, multi-filament synthetic, hybrid o f 
micro-macro synthetic, steel, and hybrid o f  steel and polypropylene);
Fiber volume: which varied according to the mixture type as shown in Table 6.3;
- Age: specimens tested at 3, 7, 14, 21, 28, 56, 91, 120, 150, 180, and 365 d;
Mechanical consolidation energy: which depended on the mixture type as indicated in 
Table 5.10;
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- Fine and coarse aggregate characteristics: grain-size distribution, density, and 
absorption;
- Number o f admixtures used: with/without HRWRA, VMA, SRA and EA;
- Admixture type: PNS or PC-based HRWRA, type o f VMA, and type o f AEA;
- HRWRA and VMA dosages;
Air volume in fresh state and its effect on the unit weight used for some prediction 
models;
- Mixing capacity: use o f 80-liter capacity drum mixer, 110-liter capacity drum mixer, 
and open-pan 400-liter capacity mixer;
Mechanical consolidation method between in-place cores (vibration) and cylinders 
(rodding) for CVC and FR-CVC mixtures;
- Consolidation energy for the same mixture in the case o f SWC and FR-SWC (Chapter 
12): 0, 5, 10,15, or 20 strikes; 20 or 25 s on the vibrating table;
- Temperature o f mixing water varying between 20 ± 2°C and ;
Curing method, depending on the test nature:
• Specimens sampled for restrained shrinkage test in Chapter 8 (all curing 
duration in controlled room at 23.0 ± 2.0 °C and 50 ± 4 % RH): 1 d in mold, 
then 2 d o f moist curing (in wet geotextile covered with polyethylene film), 
then dry curing until the age o f  testing;
• Specimens sampled for mixture characterization in this chapter, Chapter 12, 
KASSIMI [2008] and a lot o f collected data: 1 d in mold, then moist curing 
until the age o f testing;
• Specimens for flexural creep test in Chapter 11: 1 d in mold, then 7 d under wet 
burlap and plastic sheet, then dry curing in laboratory untill the age o f  testing; 
Specimens for flexural beam test in Chapter 9: 1 d in mold, then 14 d under wet 
burlap and plastic sheet, then dry curing in laboratory until the age o f  testing.
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Table 6.5 Prediction models for mechanical properties w ith consideration o f  fibers
^ "^ " ^ P ro p e r ty
M o d e ls ^ '' ' ' '" '^
/ ’c/(MPa) / ’sp/(MPa) / / ( M P a ) E cf  (M Pa)
Gao et al. 
[1997] — 0.94 f ’sp (1 -  Vf ) + 3.02R I 0.92 f r ( l  -  Vf) +  4.19/?/
E c (1 +0.173 .RI)
Padmarajaiah
[1999] f c  + 2.274/?/ — f r  +  4.419/?/ —
Song et al. 
[2004]
f c +  15.12 V / -  
4.71 (Vf)2
0.63(/’’c)u 5 + 3.01 Vf 
-0 .0 2  (V fy
0 .6 9 < f ’c f b + 3 A 3 V f  
+ 0.32 (V f)2 —
Swamy et al. 
[1974]
— 0 .9 7  f r  (I  -  F/) + 3.41 R I --
Thomas et al. 
[2007]
0.84 f \  + 0.046/V?/ 
+ 1.02 R I
0.63 ( f ’cr  +
0.288( f ’c)05R I  + 0.052RI
0.97 +
0.295( f ’c)05R I +  1.11 R I
4.58 ( f ’c f *  + 
0 A 2 ( f ’c )R I  + 0.39 R I
W afa et al. 
[1992] f ' c  + 3.53 V f f ’sp + 3.02 V f
f r + 5.56 V f —
RI: reinforcement Index (fiber factor) = Vf.Lfdf)\
f ’c  f ’sp, E c, and f r: compressive strength, splitting tensile strength, modulus o f  elasticity, and m odulus o f  rupture o f  plain concrete, 
respectively.
f*cf, f ’spf, Ecf , and f r/ :  compressive strength, splitting tensile strength, modulus o f  elasticity, and modulus o f  rupture o f  FRC, respectively.
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Table 6.6 Prediction models for mechanical properties w ithout consideration o f  fibers
-—^ P r o p e r t y  
Model ^
f ’sp (MPa) f r (M Pa) E c (M Pa)
AASHTO [2005] 0 .6 2 -7 7  <f’c <  105 M Pa & '
normal-density concrete)
0.63^/X ( f ’c <  105 M Pa & 
normal-density concrete)
* , 7 ! 0 .0 4 3 7 T
(1440 < yc < 2500 kg/m3)
ACI 209 [1992] g X y f f l l f 2 ! 0-9
(g cl =  0.0069)
g r i r A a r
(gr =  0.013 to 0.014)
g c l r A / M ' 12
f c ,  = 0.043)
A C I209 [1982] — -- 3500 + 4 3 0 0 7 7
ACI 318 [2011] 0 .56V 77 0-62VX 0.043r ; J7 7
(1442 kg/m 3 < y c <  2563 kg/m 3)
ACI 318 [1989] “ 0 - 7 7 7  ( f ’c < 41 MPa) 4 3 0 0 7 7 7  (A  <  41 MPa)
ACI 363 [1992] 0 5 9 ^ 7 7
(21 MPa < f ’c <  83 MPa)
0 .9 4 ^ 7 7
(21 MPa < f ’c < 83 MPa)
3 3 2 0 -^ 7  + 6900
(21 M Pa < f ’c <  83 M Pa)
AIJ [1985] — — 21000(yc/2300)15(/'V 20)U3
Ahmad et al. [1985] 0.462(A)0 53 (MPa) (f'c < 84MPa) — —
Baalbaki [1997] K 0 + 0 .2  f ’c (GPa)
(K o =  2 2  G Pa for lim estone agg.)
B.A.E.L. [1991] 0.6 + 0.06 If.) , (MPa) — 11000(A ),OJJ
Burg et al. [1992] o .e i /T A
(85 MPa </■. < 130 MPa)
1 0 3 7 7 ;
(85 M P a< /c < 130 MPa)
Carrasquillo et al. [1981] 0 .5 4 7 7 7
(21 M Pa < f c <  83 MPa)
0 .9477 ;
(21 MPa < f c < 83 MPa)
3 3 2 0 7 7  + 6900 
(21 M Pa < f c < 83 M Pa)
CEB-FIP MC [1990] 0.33(7.) ° b/ 21500(/V 10)OJJ (M Pa) 
(f ’c <  80 M Pa)
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Table 4.6 (cont’d) Prediction models for mechanical properties w ithout consideration o f  fibers
~^~~-~~-~-^Property
Model
f ’sp (MPa) f r (M Pa) E c (M Pa)
CEB-FIP MC [1995] - - — 9(/-,)u (GPa) < f c >  27 M Pa)
CSA A23.3 [2004] o . 6 , / r o.6a V 7 7
(A. = 1 for normal weight concrete)
(3300J / V  + 6 9 0 0 )f  Yc 1 
v v c /2 3 0 0
( 1 5 0 0  kg/m 3 < y c <  2500 kg/m 3)
CSA A23.3 [1984] — —
5 0 0 0 V Z
De Larrard [1996] -- - 11000 (f ’c)0M  (GPa)
Eurocode 4[2005] 0.33 / ’,°67 -- 9500 l f c + 8 )°j3
Gardner et al. [1991] **■ 3000(/”c)u b/ ( f ’c < 21  MPa) 
9000(f’c)° 33 ( f ’c > 27  MPa)
Gardner et al. [1993] 0.31 — —
Hueste et al. [2004] 0 . 5 5 / 7
(40 M Pa < f 'c < 90 MPa)
0.83 / 7
(40 MPa < f ’c <  90 MPa)
5 2 3 0 ^ //
(40 M Pa < f ’c < 90  M Pa)
Iravani [1996] 0 .5 7 ./ / :
(50 M Pa < f c <  100 MPa)
0 .9 7 / 7
(50 M P a < / ’c < 100 MPa)
4700*3 4 7 c
(55 M Pa < f ’c <  125 M Pa)
Kakizaki et al. [1992] 3650V /T
(80 M Pa <  f ’c <  140 M Pa)
Khayat et al. [1995]
“
0 .23+ 0 . 12A --2 .]8x 1 0 'V v)2 
(45 M Pa < f c < 1 1 0  MPa)
Martinez et al. [1982] 3320V /T  +  6900 
(21 M Pa <  f ’c <  83 M Pa)
Noguchi et al. [2009] — — */*2.3.3 5 x  10 \ y c/2 4 0 0 f ( fc /6 0 ) l/3
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Table 4.6 (cont’d) Prediction models for mechanical properties w ithout consideration o f  fibers (continued)
~-~'~--~___^Property 
Model —
f'sp  (MPa) f r (M Pa) E c (M Pa)
Norway code [1992] —
9 5 0 0 ( /  ) o 3 x  K ( f ’c <  85 MPa) 
2400
Oluokun [1991] 1.38(/^)°-w ( p s i ) ( r c < 5 5  MPa) — —
Pauw [1960] 33r l ’ 4 7 , (Psi)
(normal and lightweight concrete)
Raphael [1984] 0.313 f cm  ( f c < 57 MPa) 2 . 3 / “ (Psi) —
Slate e ta l. [1986] 0 . 4 2 ^
(21 M Pa < f 'c < 62 MPa)
0 . 5 4 , / /
(21 MPa < /V  < 62 MPa)
3360y l f \ .  + 6900
Thomas et al. [2007] o . s i J Z
(30 M Pa < f ’c < 75 MPa)
0 .7 9 , / /
(30 MPa < f ’c < 75 MPa)
4200V /T
(30 M Pa < f ’c <  75 MPa)
Wafa et al. [1992] 0.58
(93 M Pa < f ’c <  98 MPa)
1 0 3 , / /
(93 MPa < f ’c < 98 MPa)
Zhang et al. [1991] 0.23 f cz/i
(57 M Pa < f ’c <  103 MPa)
0.73 f cm
(57 M Pa < f c <  103 MPa)
1190 f ’cm
(57 M Pa < f'c <  103 MPa)
k /: correction factor for source o f aggregate (to be taken as 1.0 for both AASHTO [2005] and Noguchi et al. [2009] models); 
kf. correction factors for concrete admixtures (equals to 0.968 for crushed lim estone with < 10% o f  silica fume); 
ki'. correction factors for coarse aggregate type (equals to 0.92 for limestone coarse aggregate);
yc: specific gravity o f  concrete/ mortar (kg/m3). AASHTO [2005] estimates y c i f  not measured for normal-density concrete with 35 < 
/ c' < 105 M Pa by 2240 + 2.29 £ ;
( f ’c) , : compressive strength at time t (d).
N.B: 1 Psi = 6.894757x10‘6 GPa.
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Table 6.7 Prediction models for f ’c and Ec with respect to time
Property f ’c (t) (MPa) Ec (t) (MPa)
Model
ACI 209 [1992]
A  (28)
a  +  fit a  +  f it
ACI 363 [1994]
B.A.E.L. [1991]
f o r / ’c(28) < 40 MPa
4.76 + 0.83/
for / ’c(28) > 40 MPa
1.4 + 0.95/
CEB-FIP MC [1990]
/c  (28) exp
CEB-FIP MC [1999]
exp
Eurocode 2 [2005] V
exp<s
Parrott [ 1979] / , ’(')
a  and fi\ constants depend on cement type and curing method (equal to 4 and 0.85, 
respectively, for normal cement and moist curing method for ACI 209, and 2.8 and 0.77, 
respectively, for normal cement for ACI 363);
0.2 for high early strength cements 
0.25 for normal hardening cements 
0.38 for slow hardening cements
q  : coefficient depends on cement type: q  =
r  and s: strength development parameters : 
0.335 for type I cement concrete 
r  = 0.4 for type II cement concrete 
0.13 for type II cement concrete
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0.2 CEM 42.5R, CEM52.5N, CEM 52.5R (class R)
0.25 CEM 32.5R, CEM42.5N (class N)
0.38 CEM 32.5N (class S)
fl t <28
y: time-dependant coefficient; a  = {
[2 /3  t > 28
6.5 Prediction results and discussions
Prediction models which had mean experimental-to-theoretical value ratios closest to 1 and 
lowest coefficients o f variation (COV) values among the considered models were selected for 
the best prediction models. The best prediction models for a given mixture type are 
highlighted in grey color in Tables 6.8 to 6.13. In some cases, more than one prediction model 
are highlighted. Below, the correlation range o f prediction o f  each property o f  only FR-SCC 
mixtures is presented.
a- In overall, the calculated f ' Cf  (fiber-dependant compressive strength) values using some 
models provided better correlations with the experimental data for the self-consolidating 
mixtures than the conventional vibrated mixtures (Table 6.8). This is due to the fact that these 
models were basically designed for high-strength concretes where the compressive strengths 
are closer to those o f the self-consolidating mixtures. However, the COV values were in most 
cases high (maximum o f 17) due to the variety in parameters for the same mixture (aggregate 
characteristics, admixture type/dosage/number, temperature o f mixing water, air content, 
mixer capacity, consolidation energy, and curing method). The THOMAS et al. [2007] model 
represented the best model to predict f cj  o f  the FR-SCC mixtures with a mean experimental- 
to-theoretical ratio and COV o f 1.06 and 15%, respectively.
b- From Table 6.9, though the non consideration o f fibers in all models used to predict / ’c(t), 
good correlations were obtained with generally moderate COV (maximum o f 14) for all 
mixture types except the SCM where only one mixture was considered with three 
measurements at different ages. Therefore, / ’c(t) can be predicted regardless o f  the presence o f 
fibers. The ACI 363 [1994] designed for high-strength concretes provided the best prediction 
for the time-dependant f ’c o f the FR-SCC mixtures with mean / ’c/1 ) exp/Tc/t) theo o f 1.00 and 
COV o f 14% regarding the relatively high strength provided by FR-SCC.
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c- From Table 6.10, the prediction o f  f ’sp o f the plain mixtures (CVC and SCC) was more 
accurate with models not considering fibers those are Burg et al. [1992] and Gardner et al. 
[1993], respectively. The prediction o f f ’sp o f the only one SCM was low due to the low 
number o f measurements. The prediction o f f ’sp o f the fibrous mixtures was more accurate 
with models considering fibers. The Gao et al. [1997] model was the best model predicting 
f ’spf  o f the FR-SCC mixtures with a mean experimental-to-theoretical ratio ( f spfexp ffsp/theo) 
and COV o f 1.02 and 18%, respectively. This model was established for high-strength fiber- 
reinforced concrete that fit the FR-SCC mixtures in terms o f the compressive strength range 
and the presence o f  fibers.
d -  The same trend o f prediction found for f sp was also obtained for f  as presented in Table 
6.11. The GAO et al. [1997] model considering fibers was the best model to predict f r for the 
FR-SCC mixtures with a mean f r/ exp / f rftheo and COV o f 0.98 and 11%, respectively.
e- From Table 6.12, E c was generally well predicted for all mixture types, regardless o f  the 
presence o f  fibers. For the FR-SCC mixtures, the mean Ecf exp / E cf  theo and the COV were 1.00 
and 11%, respectively. The E c is generally overestimated for FR-CEM and FR-SCM mixtures 
due to the absence o f coarse aggregate. The inverse case was found for the CVC and FR-CVC 
mixtures where the coarse aggregate was relatively high. The CSA A23.3 [2004] model 
considered the best model to predict Ec o f  the FR-SCC mixtures.
f -  From Table 6.13, the time-dependant function o f E c was well predictable for all the 
investigated mixture types. The ACI 209 [1992] was considered as the best model to predict 
Ec o f FR-SCC mixtures over time with a mean E c/ t )  exp /  Ecf  t) ,heo and COV o f 1.00 and 12%, 
respectively.
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Table 6.8 f c/exP/fcftheo o f the investigated mixtures using m odels considering fibers
C V C FR -C V C FR -C E M SC C F R -SC C SC M F R -S C M
* M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V
P adm araja iah  [1999]** - -- - 47 1.14 14 4 1.43 6 - - — 265 0.93 15 — - - 62 1.11 17
S ong  et al. [2004] “ - - — 47 0.92 15 4 1.09 7 — - — 265 0.83 15 — — — 62 0 .90 16
T hom as e t al. [2007] ’* — — - 47 1.31 15 4 1.64 6 — — — 265 1.06 15 — — — 62 1.27 17
W afa  e ta l .  [1992] ’* - - - 47 1.09 14 4 1.34 6 - -- — 265 0.91 15 — — — 62 1.05 17
M ean -- -- 1.11 15 1.37 6 - - 0.93 15 - - 1.08 17
C O V : C oeffic ien t o f  varia tion  (% ) * N u m b er o f  m easu rem en ts, 2  o r m ostly  3 spec im ens fo r each  m easu rem en t M o d els  th a t c o n s id e r fibers
N .B : B oxes in gray co lo r rep resen t the best p red ic to r m odels
Table 6.9 / c(t) exp / / ’c(t) theo a n d / c/ t )  exp / / c/1 ) ,heo o f  the investigated mixtures
C V C FR -C V C FR -C E M SC C F R -SC C SC M F R -S C M
* M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V • M ean C O V
A C I 209  [1992] 30 1.05 11 32 1.06 12 3 1.13 7 56 1.04 11 201 1.02 13 3 1.29 4 41 1.02 10
A C I 363 [1994] 30 1.02 12 32 1.04 12 3 1.11 9 56 1.02 10 201 1.00 13 3 1.26 2 41 1.01 9
B .A .E .L . [1991] 30 1.09 15 32 1.08 15 3 1.21 7 56 1.07 14 201 1.08 14 3 1.37 5 41 1.05 13
C E B -F IP  M C [1 9 9 0 ] ' 30 1.02 13 32 1.01 14 3 1.07 10 56 0.91 16 201 0 .93 19 3 1.23 17 41 0.91 13
C E B -F IP  M C [1999] 30 1.01 12 32 1.03 12 3 1.11 8 56 1.01 10 201 0 .99 13 3 1.26 2 41 1.00 9
E urocode 2 [2005] 30 1.05 11 32 L 05 11 3 1.12 1 56 0.98 9 201 0 .99 14 3 1.28 10 41 0 .98 6
Mean 1.04 12 1.04 13 1.12 7 1.00 12 1.00 14 1.28 7 0.99 10
C O V : co effic ien t o f  varia tion  (% ) * N u m b er o f  m easurem en ts, 2  o r  m o stly  3 specim ens fo r each  m easu rem en t ' O ld  v ers ion
N .B : B oxes in g ray  co lo r rep resen t th e  b es t p red ic to r m odels
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Table 6.10 The f spexp/ f splheo and fspfexp/fspftheo o f  the investigated m ixtures
C V C FR -C V C F R -C E M SC C FR -SC C SC M F R -S C M
* M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V
A A S H T O  [2005] 16 0.99 9 23 1.20 9 4 1.39 6 27 1.06 12 146 1.26 12 4 1.26 3 26 1.45 11
A C I 209  [1992] 16 1.67 9 23 2.03 8 4 2 .39 6 27 1.82 12 146 2.17 12 4 2.21 3 26 2 .5 6 11
A C I 318 [2011] 16 1.09 9 23 1.33 9 4 1.54 6 27 1.18 12 146 1.40 12 4 1.39 3 26 1.60 11
A CI 363 [1992] 16 1.04 9 23 1.26 9 4 1.46 6 27 1.12 12 146 1.32 12 4 1.32 3 26 1.52 11
A hm ad  et al. [1985] 16 1.11 9 23 1.36 8 4 1.55 6 27 1.18 12 146 1.40 12 4 1.40 4 26 1.61 10
B .A .E .L . [1991] 16 1.35 8 23 1.69 8 4 1.85 5 27 1.34 14 146 1.60 12 4 1.63 10 26 1.83 8
B urg  e t al. [1992] 16 1.00 9 23 1.22 9 4 1.41 6 27 1.08 12 146 1.28 12 4 1.28 3 26 1.47 11
C arrasqu illo  e t al. [ 1981 ] 16 1.13 9 23 1.38 9 4 1.59 6 27 1.22 12 146 1.45 12 4 1.45 3 26 1.66 11
C E B -F IP  M C [1990] 16 1.03 8 23 1.27 8 4 1.43 5 27 1.06 13 146 1.26 11 4 1.27 7 26 1.44 9
C SA  A 23.3 [2004] 16 1.02 9 23 1.24 9 4 1.43 6 27 1.10 12 146 1.30 12 4 1.30 3 26 1.50 11
E urocode 4 [2005] 16 1.03 8 23 1.27 8 4 1.43 5 27 1.06 13 146 1.26 11 4 1.27 7 26 1.44 9
G ao  e t al. [1997]** — — — 23 0.95 17 4 1.26 4 - — - 146 1.02 18 - - - 2 6 0 .87 23
G ardner e t al. [1993] 16 1.01 8 23 1.25 8 4 1.39 5 27 1.03 13 146 1.23 11 4 1.24 8 2 6 1.40 9
H ueste  et al. [2004] 16 1.11 9 23 1.35 9 4 1.56 6 27 1.20 12 146 1.42 12 4 1.42 3 26 1.63 11
Iravani [1996] 16 1.07 9 23 1.30 9 4 1.51 6 27 1.16 12 146 1.37 12 4 1.37 3 2 6 1.58 11
O luokun  [1991] 16 1.06 8 23 1.32 8 4 1.47 5 27 1.08 13 146 1.29 11 4 1.31 8 26 1.48 9
R aphael [1984] 16 1.09 8 23 1.34 8 4 1.50 5 27 1.12 13 146 1.33 11 4 1.34 7 26 1.52 9
S late e t al. [1986] 16 1.45 9 23 1.77 9 4 2.05 6 27 1.57 12 146 1.86 12 4 1.86 3 26 2 .14 11
S ong e t al. [2004]** 16 0.97 9 23 0.78 18 4 0 .94 8 27 1.05 12 146 0.92 17 4 1.24 3 26 0 .8 0 22
T hom as et al. [2007] 16 1.07 9 23 1.30 9 4 1.51 6 27 1.16 12 146 1.37 12 4 1.37 3 26 1.58 11
T hom as e t al. [2007] ’’ 16 0.97 9 23 1.03 14 4 1.37 5 27 1.05 12 146 1.07 17 4 1.24 3 26 1.09 21
W afa et al. [1992] 16 1.05 9 23 1.28 9 4 1.48 6 27 1.14 12 146 1.35 12 4 1.35 3 26 1.55 11
W afa et al. [1992] “ — — — 23 0.78 17 4 0.96 5 - - - 146 0.88 17 - -- - 26 0 .70 2 0
Z hang  et al. [ 1992] 16 1.59 8 23 1.96 8 4 2 .20 5 27 1.63 13 146 1.94 11 4 1.96 7 26 2.22 9
Mean 1.13 9 1.32 10 1.53 6 1.20 13 1.37 13 1.43 5 1.53 12
COV: coefficient of variation (%) * Number of measurements, 3 or mostly 2 specimens for each measurement Models that consider fibers
N.B: Boxes in gray color represent the best predictor models
Table 6.11 fr exp fr ihi’o andfrjexp j r f  theo tT the investigated mixtures
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C V C FR -C V C FR -C E M SC C F R -S C C SC M F R -S C M
* M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V
A A S H T O  [2005] 4 1.38 6 19 1.44 13 4 1.66 6 4 1.70 6 49 1.80 10 4 1.93 10 8 1.88 12
A C I 209  [1992] 4 1.37 6 19 1.41 13 4 1.65 6 4 1.67 6 49 1.78 9 4 1.96 10 8 1.89 12
A C I 318 [2011] 4 1.41 6 19 1.46 13 4 1.69 6 4 1.73 6 49 1.83 10 4 1.96 10 8 1.91 12
A C I 318 [1989] 4 1.24 6 19 1.30 13 4 1.50 6 4 1.53 6 4 9 1.62 10 4 1.74 10 8 1.69 12
A C I 363 [1992] 4 0.93 6 19 0.97 13 4 1.11 6 4 1.14 6 4 9 1.21 10 4 1.30 10 8 1.26 12
B urg  et al. [1992] 4 0.85 6 19 0 .88 13 4 1.02 6 4 1.04 6 4 9 1.10 10 4 1.18 10 8 1.15 12
C arrasqu illo  e t al. [1981] 4 0.93 6 19 0.97 13 4 1.11 6 4 1.14 6 49 1.21 10 4 1.30 10 8 1.26 12
C S A  A 23.3 [2004] 4 1.45 6 19 1.51 13 4 1.74 6 4 1.78 6 49 1.89 10 4 2 .03 10 8 1.97 12
G ao e t al. [1997]** — — — 19 0.84 21 4 1.09 6 — - -- 49 0.98 11 - - - 8 0 .8 6 7
H ueste  et al. [2004] 4 1.05 6 19 1.09 13 4 1.26 6 4 1.29 6 4 9 1.37 10 4 1.47 10 8 1.43 12
Iravani [1996] 4 0 .90 6 19 0 .94 13 4 1.08 6 4 1.39 2 49 1.17 10 4 1.26 10 8 1.22 12
K hayat et al. [1995] 4 1.41 3 19 1.37 12 4 1.46 2 4 1.10 6 4 9 1.44 8 4 1.63 15 8 1.51 9
Padm araja iah  [1999]** — — — 19 0.78 21 4 1.01 6 — - -- 4 9 0.91 11 — — - 8 0 .80 7
R aphael [1984] 4 1.16 4 19 1.18 12 4 1.31 4 4 1.30 4 49 1.36 8 4 1.50 12 8 1.43 10
Slate e t al. [1986] 4 1.61 6 19 1.68 13 4 1.94 6 4 1.98 6 49 2 .10 10 4 2.25 10 8 2 .1 9 12
Song  e t al. [2004 ]’* 4 1.26 6 19 0 .84 26 4 1,00 10 4 1.55 6 49 1.28 14 4 1.76 10 8 1.09 11
S w am y et al. [1974] ** — - - 19 0 .85 19 4 1.06 15 - -- -- 49 0 .97 11 — — - 8 0 .87 7
T hom as et al. [2007] 4 1.10 6 19 1.15 13 4 1.32 6 4 1.35 6 49 1.43 10 4 1.54 10 8 1.50 12
T hom as et al. [2007] ** 4 0 .90 6 19 0.82 19 4 1.06 8 4 1.10 6 4 9 1.05 12 4 1.26 10 8 1.04 10
W afa e t al. [1992] 4 0.85 6 19 0 .88 13 4 1.02 6 4 1.04 6 49 1.10 10 4 1.18 10 8 1.15 12
W afa e ta l .  [1992] “ — - - 19 0.61 25 4 0.72 8 - - -- 4 9 0.81 12 - - - 8 0 .67 9
Z h an g  et al. [1992] 4 1.26 6 19 1.31 13 4 1.51 6 4 1.55 6 4 9 1.64 10 4 1.76 10 8 1.71 12
Mean 1.17 6 1.10 15 1.29 7 1.41 6 1.36 10 1.61 11 1.38 11
COV: coefficient of variation (%) * Number of measurements, 2 specimens for each measurement * Models that consider fibers Old version
N.B: Boxes in gray color represent the best predictor models
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Table 6.12 E cexp/ Ec theo and E c/ exp / E cf,heo o f  the investigated mixtures
C V C FR -C V C FR -C E M SC C F R -S C C SC M F R -S C M
* M ean C O V * M ean C O V « M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V
A A S H T O  [2005] 17 1.10 9 28 1.18 7 4 0 .89 3 38 0 .97 8 136 1.02 12 4 1.04 8 47 0 .8 6 9
A CI 209  [1992] 17 1.10 9 28 1.18 7 4 0 .89 3 38 0.97 8 136 1.02 12 4 1.04 8 47 0 .8 6 9
A C I 209  [1982] 17 1.05 5 28 1.12 6 4 0.81 3 38 0 .92 7 136 0 .93 11 4 0 .90 7 47 0 .75 9
A C I 318  [2011] 17 1.10 9 28 1.18 7 4 0 .89 3 38 0 .97 8 136 1.02 12 4 1.04 8 47 0 .86 9
A C I 363 [1992] 17 1.14 5 28 1.21 6 4 0 .89 4 38 1.02 7 136 1.03 11 4 0.99 6 47 0.83 9
A IJ [1985] 17 1.12 9 28 1.19 7 4 0 .90 3 38 0 .98 8 136 1.03 12 4 1.05 8 4 7 0 .87 9
B aalbak i [1997] 17 1.04 5 28 1.08 7 4 0.82 6 38 0.96 7 136 0 .96 11 4 0 .92 6 4 7 0 .77 10
B .A .E .L . [1991] 17 0.84 5 28 0 .88 6 4 0.66 4 38 0 .76 6 136 0 .77 11 4 0 .74 6 4 7 0 .62 9
C arrasqu illo  e t al. [1981] 17 1.14 5 28 1.21 6 4 0 .89 4 38 1.02 7 136 1.03 11 4 0.99 6 4 7 0 .83 9
C E B -F IP  M C  [1995] 17 1.03 5 28 1.08 6 4 0 .80 4 38 0.93 6 136 0 .94 11 4 0 .90 6 4 7 0.75 9
C SA  A 23.3 [2004] 17 1.15 6 28 1.23 7 4 0 .88 3 38 0.99 8 136 1.00 11 4 0 .97 8 4 7 0.81 9
C SA  A 23.3 [1984] 17 1.03 6 28 1.11 7 4 0 .79 3 38 0 .89 8 136 0 .90 11 4 0 .87 8 47 0 .73 9
D e L arra rd  [ 1996] 17 0.84 5 28 0 .88 6 4 0 .66 4 38 0 .76 6 136 0 .77 11 4 0 .74 6 4 7 0 .62 9
E urocode 4 [2005] 17 0.91 5 28 0.95 6 4 0.71 5 38 0.83 7 136 0 .84 11 4 0 .80 6 4 7 0 .67 10
G ao e t al. [1 9 9 7 ]" - - - 28 0.99 9 4 0 .80 2 - - - 136 0.93 10 - — — 47 0.81 16
G ardner e t al. [1991] 17 1.05 5 28 1.11 6 4 0.81 4 38 0 .94 6 136 0.95 11 4 0.91 6 47 0 .7 6 9
H ueste  et al. [2004] 17 0.99 6 28 1.06 7 4 0 .76 3 38 0 .85 8 136 0 .86 11 4 0.83 8 47 0 .6 9 9
Iravani [1996] 17 1.20 6 28 1.28 7 4 0 .92 3 38 1.03 8 135 1.04 11 4 1.01 8 47 0 .84 9
K akizaki e t al. [2004] 17 1.42 6 28 1.52 7 4 1.09 3 38 1.22 8 136 1.23 11 4 1.19 8 47 0.99 9
M artinez  et al. [ 1982] 17 1.14 5 28 1.21 6 4 0 .89 4 38 1.02 7 136 1.03 11 4 0.99 6 47 0 .83 9
N oguch i e t al. [2009] 17 1.05 7 28 1.10 6 4 0 .88 4 38 0.98 7 136 1.04 12 4 1.06 6 47 0 .88 10
N orw ay  c o d e [1992] 17 1.10 5 28 1.15 6 4 0 .86 5 38 1.00 6 136 1.01 11 4 0 .96 6 47 0.81 10
Pauw  [1960] 17 1.11 9 28 1.19 7 4 0 .90 3 38 0 .98 8 136 1.02 12 4 1.04 8 47 0 .87 9
Slate e ta l .  [1986] 17 1.13 5 28 1.19 6 4 0 .88 4 38 1.01 7 136 1.02 11 4 0 .98 6 47 0 .82 9
T hom as e t al. [2007] 17 1.23 6 28 1.32 7 4 0.94 3 38 1.06 8 136 1.07 11 4 1.04 8 47 0 .8 6 9
T hom as e t al. [2 0 0 7 ]" 17 1.13 6 28 1.08 13 4 0 .87 2 38 0 .97 8 136 0.80 17 4 0.95 8 47 0 .6 4 21
Z hang  et al. [1992] 17 2 .60 10 28 2 .84 9 4 1.96 4 38 2.13 11 136 2.15 13 4 2 .12 11 47 1.75 10
Mean 1.14 6 1.20 7 0.89 4 1.01 7 1.02 12 1.01 7 0.83 10
C O V : coeffic ien t o f  varia tion  (% ) * N u m b er o f  m easu rem en ts, 1 o r  m o stly  2 specim ens fo r each  m easu rem en t M o d e ls  th a t c o n s id e r  fib e rs  O ld  ve rs io n  
N .B: B oxes in g ray  co lo r rep resen t th e  best p red ic to r m odels
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Table 6.13 E c exp /  E c theo for £ c(t) = f[£c(28)] and E c/ t )  exp /  E cj( t) ,heo for E c/ t )  =  f[£cX28)] o f  the investigated mixtures
C V C FR -C V C FR -C E M SC C F R -S C C SC M F R -S C M
* M ean C O V * M ean C O V * M ean C O V ♦ M ean C O V * M ean C O V * M ean C O V * M ean C O V
A CI 209  [1992] 15 1.01 7 22 1.02 7 3 1.04 4 31 1.07 9 113 1 .00 12 3 0.98 1 30 1.03 8
C E B -FIP  M C [1990] 15 0 .84 16 22 0.91 37 3 0.84 20 31 1.16 42 113 1.02 4 9 3 0 .7 9 18 30 1.13 4 7
P arro t [1979] 15 0.99 4 22 0 .97 6 3 0.97 3 31 1.02 6 113 0 .97 11 3 0 .84 6 30 1.01 7
Mean 0.95 9 0.97 17 0.95 9 1.08 19 1.00 24 0.87 8 1.05 21
C O V : coeffic ien t o f  varia tion  (% ) * N u m b er o f  m easu rem en ts , 1 o r m ostly  2 spec im ens fo r each  m easu rem en t 
N .B : B oxes in g ray  co lo r rep resen t th e  b es t p red ic to r m odels
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6.6 Modification of existing models and proposition of new prediction models for 
mechanical properties
A protocol was elaborated to improve the prediction o f mechanical properties o f the self- 
consolidating mixtures (SCC, FR-SCC, and FR-SCM). The rule stipulated that any best 
existing model was modified and any new prediction model was proposed if  the model provids 
mean value o f  the experimental-to-theoretical ratios o f  around 1 ±  0.05 and the COV lower 
than 5%, simultaneously. Only self-consolidating mixtures (SCC, FR-SCC, and FR-SCM) 
were concerned by the prediction enhancement process. No modifications for the existing 
models or propositions o f new models were carried out for the conventional vibrated mixtures. 
The prediction models applied on the latter were cited, only for information purpose and to 
show the range o f their applicability on these mixtures.
The first step for the modification/proposition process is to modify the selected prediction 
model for a given mechanical property o f  a given mixture to improve the prediction accuracy. 
The modification was made using one or more correction factors in the prediction equation 
depending on the fit with the experimental data. If this model cannot be enhanced by such 
correction factors, the same procedure can be done with the following best selected models. If 
this is not possible, a second step is processed. The second step is to propose new models that 
provide equivalent or better correlations to measured data compared to the modified existing 
model. The proposition o f  models for a given property was based on the combination o f one o f 
the key mechanical parameters (f'c , f ’cf , f ’sp , f  , or Ec) on one hand, and one o f the key 
parameters related to the fibers (R I  or V/) on the other hand, as reported in Table 6.14. These 
combinations facilitated the enhancing process o f  prediction models. For the second step, new 
prediction models were developed in two ways (Table 6.14):
- Free proposition in which the statistical software provides hundreds o f  equations. Only 
the best correlation with the simplest prediction equation (such as a linear expression) 
was considered; and
Forced proposition in which the pattern o f the prediction equation was imposed and the 
software provided only the correction factors giving the best prediction.
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Table 6.14 Parameter combinations considered in calculation o f proposed models to predict 
f'spf  (as a typical mechanical property) o f  self-consolidating mixtures
Parameter 1 Parameter 2 Proposition type
Step : Modification o f best prediction model
Ste
p 
2 
: p
ro
po
sit
io
n 
of 
m
od
el
s
i
f ’cf R1 Forced
f ’cf RI Free
f ’cf Vf Forced
f ’cf Vf Free
f ’c RI Forced
f c RI Free
f ’c Vf Forced
f c Vf Free
f ’sp' RI Forced
/ V RI Free
f ’sp* Vf Forced
f ’sp* Vf Free
f r and Ec were also usee to propose best prediction models for / / a n d  E cj ,  respectively.
f ’c, f ’sp, f , Ec : compressive strength, splitting tensile strength, modulus o f rupture, and 
modulus o f elasticity o f the reference plain SCC and SCM;
f ’cf, f ’sp/, f f ,  Ecf \  compressive strength, splitting tensile strength, modulus o f rupture, and 
modulus o f elasticity o f the fibrous mixtures (FR-SCC and FR-SCM).
The fashion o f the adopted equation to predict mechanical properties o f  self-consolidating 
mixtures was that o f THOMAS et al. [2007] who proposed a general formula below, taking 
into account the contribution o f the matrix and fibers together and apart:
ff =  A.(/)a + B . ( f f .R I  + C.RI  (6-1)
where:
f/. mechanical property ( f ’cf, f ’spf, f f ,  or Ecj)  o f fiber-reinforced mixture;
/ :  mechanical property ( f ’c, f ’sP,fr, or Ec) o f the plain reference matrix; 
a  and P : constants; and
A, B, and C are regression coefficients that represent the fiber parameters (fiber orientation, 
fiber shape, surface characteristics, etc.) contributing to the strength o f the fiber-reinforced 
mixture.
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According to THOMAS et al. [2007], the first term o f Eq. (6-1) represents the contribution o f 
strength o f the plain concrete. The second term represents the contribution o f matrix strength- 
fiber interaction explicitly, which depends on the pullout characteristics o f  fiber from the 
matrix. The third term represents the contribution o f 1/and fiber geometry.
To enhance the prediction o f the time-dependant p ro p e rtie s ,/’c(t) and S c(t), only correction 
factors were introduced to both the best existing models and new proposed models (Table 
6.15).
Table 6.15 Parameter combinations considered in calculation to propose prediction models for
f ’cji t) and E c/ } )
f c A  0 Step 1: Modification o f  the best (or following best) prediction model(s)
Step 2 : Parameters
proposition t f ' d  28) — — —
o f models t / ’c/ 28) RI -- —
EcA t) Step 1: Modification o f  t te best (or following best) prediction model(s)
Step 2 : Parameters
proposition 
o f models
t S c/  28) — — —
t 28) — — RI
t S c/2 8 ) / ’c / t ) — —
t Sc/2 8 ) / ’c / t ) — RI
t — / ’c / t ) — —
t — / ’c / t ) — RI
t Sc/28) — A /2 8 ) —
t S c/2 8 ) — / ’c/28) RI
t £ c/2 8 ) / ’c / t ) / ’c/28) —
t Sc/28) / ’c / t ) / ’c/28) RI
N.B: For SCC and SCM mixtures, the parameters related to fibers (subscript f  and RI) do not 
exist.
The prediction results are presented in Tables 6.16 to 6.18. From these tables, it can be seen 
that despite the improvement in the mean values o f the experimental-to-theoretical ratios, the 
COV is still high in most cases due to the variability, for the same mixture, in aggregate 
characteristics, type/dosage/number o f chemical admixtures, temperature o f mixing water, 
fresh air content, mixer capacity, consolidation energy, and curing method. The original model
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was often mentioned as a proposed model if  its modification, with introduction o f  one or more 
factors, did not bring any enhancement. For some properties, more than one model were 
proposed to widen the prediction possibilities according to the available data on the mixture.
6.7 Consideration of mixtures with common parameters
In this section, only the 20 mixtures mentioned in Section 6.2 were considered. These 
mixtures were made with same constituent materials (same arrival time) and same temperature 
o f  water. In addition, such mixtures underwent the same conditions o f  production and curing. 
These conditions represent the most common parameters used by the concrete technologists to 
prepare concrete specimens in laboratory and evaluate their mechanical properties. The 
objective o f this section is to investigate the effect o f mixture parameters on the mechanical 
property predictions o f self-consolidating mixtures, in other words, this part compare the mean 
experimental-to-theoretical values o f  a given property ( f ’c, / ’c(t), f ’sp, f r, E c, or £ c(t)) with the 
corresponding mean COV values when only the 20 mixtures were considered to the same 
parameter values when the whole investigated mixtures above were considered. Thus, the 
comparison consisted o f  calculating the difference (A) o f  the mean experimental property-to- 
theoretical property ratio and the difference in the corresponding coefficient o f variation 
(ACOV) between the whole investigated mixtures and the selected 20 mixtures. This 
difference can be obtained by:
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Table 6.16 Proposed prediction models for mechanical properties o f  FR-SCC mixtures
Best prediction model 
(before modification)
Best proposed model 
(after m odification)
Mean Mean Model Prediction equation M ean M ean
ex p l t  heo c o v e x p / th e o COV
f ’cf 1.06 0.15 M odified Thomas et al. [2007] 6 .81 -^ /f + 0.73 f ^ .R I  - 4 1 . 1 8 . R I 1.00 0.15
Proposed models 1 .1 3 /c -  10.27 R I  -  8 .5 * 1 0 ' f ( f cf 1.00 0.14
1.15/ c - 8 .7  Vf - 9 * \ 0 ' ' { f cf 1.00 0.14
U  t) 1.00 0.13 Proposed model 1/(0.03-1.78 x 10‘4/ ’c/(28)+0.08/t) 1.00 0.11
f  spf 1.02 0.18 M odified Gao et al. [1997] 0.99 f sp (1 -  0.81 Vf) -  4.28 R I  +  0.48 1.00 0.14
Proposed models 0 .83^/y^  + 0.07 f c1 . R I -3 .92.7?/ 1.00 0.11
Jf~c 0.01 f c .R I  1.58.R I
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Table 6.17 Proposed prediction models for mechanical properties o f  SCC mixtures
Best prediction model Best proposed model
Mean
ex p /th eo
Mean
COV
Model Prediction equation M e a n
e x p / th e o
M ean
COV
f ’ci t) 1.01 0.10 Proposed model 1 1.01 0.09
0.03 3 x 1 0  ■ 'x / ( 2 8 ) + 0 07
f ’sp 1.03 0.13 Proposed model 0 .6 6 , /T 1.00 0.12
fr 1.04 0.06 Modified Burg et al. [1992] 00po 0.99 0.06
Proposed model 0.16 f c 1.00 0.02
Ec 1.00 0.06 Original Parrot [1979] 9500( / c')03x 7‘ 
2400
1.00 0.06
Ec{ t) 1.02 0.06 M odified Parrott [1979] (  f  (0  )£ ( 2 8 )  0.58 + 0.42 Jr
I  f c (28)
1.00 0.03
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Table 6.18 Proposed prediction models for mechanical properties o f  FR-SCM  mixtures
Best prediction model Best proposed model
Mean
ex p l th eo
Mean
COV
Model Prediction equation M ean
e x p / th e o
M ean
COV
f c f 1.05 0.17 Proposed models 62.23 -  9 .7 ./? /-  14764/(/V)2 1.00 0.09
64.3 -  8.22.F/—14492/(/’c)2 1.00 0.10
/ ’c/t) 1.00 0.09 M odified CEB FIP MC [1999] ( T ( i— \~\\2 1 128 I 0.96/ c (28) exp 0.13 1 - J —
I L  ^ 'X
1.00 0.06
Modified ACI 209 [1992]
1 .0 4 / ' (28 )----- ------
c 3 + 0.94/
1.00 0.06
Proposed model 1.88x/’c(28)(uyi‘u2b/lnt) 1.00 0.05
f  spf 1.09 0.21 Modified Thomas et al. [2007] 1.05 -//T  -  0 .18 JZ-RI + 0-12 .RI 1.00 0.10
Proposed models 0.17 + 1.67x10‘V V )'ijy ./? /-  
0.21 .RI
1.00 0.08
0.7 \ ( f c/f + 1.87x lO’V c/)4 0i. Vf -  
0.29. Vf
1.00 0.07
3.3 ( / V f 44+ 14.31 ( f spf 2i.R I -  
21.58 .RI
1.00 0.11
frf 1.18 0.10 Proposed models 313.53 (fc/)-099 +0 .11  (fc/)[4\ R I -  
26.97J? /
1.00 0.02
-9 0 1 8 5 0 [e x p (-0 .4 ./c) -  
exp(—4.4. F/)]
1.00 0.04
21.31 (/)‘° -4.66x1c4 (fr f  ^.RI  
-6.21.RI
1.00 0.03
E cf 0.99 0.09 Proposed model 5 . 2 5 ^  +  0 . 0 \ E c .R I  - 5 . 5 S . R I 1.00 0.08
EcfX) 1.01 0.07 Proposed model 1 /[0 .08 -1 .63 x 10 'J.£c/(28)+0.04/t] 1.00 0.05
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- subtraction o f values in Table 6.19 from those presented in Table 6.8 for f ' c\
- subtraction o f values presented in Table 6.20 from those mentioned in Table 6.9 for / ’c(t);
- subtraction o f  values presented in Table 6.21 from those presented in Table 6.10 for f ’sp,
- subtraction o f values presented in Table 6.22 from those presented in Table 6.11 for f r\
- subtraction o f  values presented in Table 6.23 from those presented in Table 6.11 for E c\
- subtraction o f values presented in Table 6.24 from those presented in Table 6.13 for £ c(t).
The results presented in Table 6.25 showed that the A mean exp/theo and ACOV reached 15% 
and 16%, respectively, regardless o f the mixture type and mechanical property. For the FR-SCC 
mixtures, the A mean exp/theo and ACOV had values o f -12% to 6% and 3% to 16%, 
respectively. The f ’c and E c were the most influenced by variation in mixture characteristics, 
mixing, consolidation and curing methods. The f sp and f r are generated mainly by fibers. It is 
important to point out that the enhanced or proposed models aforementioned in Table 6.16 to 
Table 6.18 are still applicable for the 20 selected mixtures. The reason is that when the existing 
models were modified (enhanced) or new models were proposed for a given property considering 
the 20 mixtures, they were generally similar to those proposed for all the investigated mixtures 
with the different preparation conditions. Therefore, the existing modified models or -  in some 
cases -  the new proposed models are applicable to predict the FR-SCC mechanical properties, 
regardless o f the mixture characteristics (materials, mixing, consolidation, and curing methods).
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Table 6.19 f cf exp / f c/the o o f the investigated mixtures using m odels considering fibers for selected m ixtures
c v c FR -C V C F R -C E M s e e F R -S C C SC M F R -S C M
* M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean c o v * M ean C O V * M ean C O V
Padm araja iah  [ 1999] - — - 16 1.10 12 4 1.43 6 - - - 40 1.01 10 - - - 8 1.10 15
Song e t al. [2004] - — - 16 0.86 17 4 — - — 40 0.92 11 — — — 8 0.92 12
T hom as et al. [2007] - — - 16 1.26 13 4 1.64 6 - - - 40 1.16 10 - - " 8 1.26 15
W afa e t al. [1992] — — - 16 14 4 1.34 6 ~ - ~ |48| moo .10 - — — 8 h M 14
Mean — - 1.07 14 1.37 6 — — | 1.02 10 — — 1.09 14
C O V : coeffic ien t o f  varia tion  (% ) * N u m b er o f  m easu rem en ts  (2  specim ens fo r each  m easu rem en t)
N .B : B oxes in g ray  co lo r rep resen t th e  best p red ic to r m odels
Table 6 .2 0 /c(t) exp / / c(t) theo f o r / c(t) = f j / c(28)] o f  the selected m ixtures
C V C FR -C V C F R -C E M s e e F R -SC C SC M F R -S C M
* M ean c o v * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean c o v
AC1 209  [1992] 3 1.01 8 12 1.12 13 3 1.13 7 3 1.05 9 30 1.05 9 3 1.29 4 6 1.03 12
A C I 363 [1994] 3 0 .99 9 12 1.10 13 3 1.11 9 3 1.04 10 30 1.04 10 -p b26^ 2-i, 6 1.01 14
B .A .E .L . [1991] 3 1.03 12 12 1.14 15 3 1.21 7 3 1.12 8 30 1.11 10 3 1.37 5 6 1.04 8
C E B -F IP  M C [1990] 3 0 .96 10 12 1.06 14 3 1.07 10 Pi 1.00 30 1.00 9 3 1.23 17 6 0 .97 4
C E B -F IP  M C [1999] 3 0 .99 8 12 1.09 13 3 1.11 8 3 1.03 9 30 1.03 9 3 1.26 ■v.v2:-v 6 1.00 13
E urocode 2 [2005] 3 1.00 2 12 1.11 11 3 1.12 1 ,3 1.04 I 30 1404 - 5 3 1.28 10 6 1.01 5
M ean 1.00 8 1.10 13 1.12 7 1.05 8 1.05 9 1.28 7 1.01 9
C O V : coeffic ien t o f  varia tion  (% ) * N u m b er o f  m easu rem en ts  (2 specim ens fo r each  m easu rem en t) ' O ld  v ers ion
N .B : B oxes in gray  co lo r rep resen t th e  best p red ic to r m odels
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Table 6.21 The f spexP /  fsptheo o f  selected mixtures
C V C FR -C V C F R -C E M s e e F R -S C C SC M F R -S C M
* M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V
A A S H T O  [2005] 4 0 .98 6 16 1.19 8 4 1.39 6 4 1.16 5 4 0 1.28 9 4 1.26 3 8 1.42 10
A C I 20 9  [1992] 4 1.69 6 16 2.01 8 4 2.39 6 4 1.98 5 4 0 2 .20 9 4 2.21 '3 8 2 .48 9
A C I 318  [2011] 4 1.08 6 16 1.32 8 4 1.54 6 4 1.28 5 4 0 1.42 9 4 1.39 3 8 1.57 10
A CI 363 [1992] 4 1.03 6 16 1.25 8 4 1.46 6 4 1.22 5 4 0 1.34 9 4 1.32 3 8 1.49 10
A hm ad  e ta l .  [1985] 4 1.12 5 16 1.35 8 4 1.55 6 4 1.29 5 4 0 1.42 9 4 1.40 4 8 1.57 9
B .A .E .L . [1991] 4 1.44 2 16 1.70 8 4 1.85 5 4 1.47 1 4 0 1.61 10 4 1.63 10 8 1.77 8
B urg  e t al. [1992] H I  ^ 6 16 1.21 8 4 1.41 6 4 1.18 5 4 0 1.30 9 4 1.28 3 8 1.44 10
C arrasqu illo  et al. [1981] 4 1.12 6 16 1.36 8 4 1.59 6 4 1.33 5 4 0 1.47 9 4 1.45 3 8 1.63 10
C E B -F IP  M C  [1989] 4 1.09 6 16 1.32 8 4 1.55 6 4 1.29 5 4 0 1.43 9 4 1.40 3 8 1.58 10
C E B -F IP  M C  [1990] 4 1.08 3 16 1.28 8 4 1.43 5 4 1.16 3 40 1.27 9 4 1.27 7 8 1.41 9
C SA  A 23.3 [2004] 4 1.01 6 16 1.23 8 4 1.43 6 4 1.20 5 40 1.32 9 4 1.30 3 8 1.47 10
E urocode 4 [2005] 4 1.08 3 16 1.28 8 4 1.43 5 4 1.16 3 40 1.27 9 4 1.27 7 8 1.41 9
G a o e t  al. [1 9 9 7 ]“ — — — 16 0.93 17 4 1.26 4 — — — 1 1 1 0 - — - m m sv 13
G ardner et al. [1993] 4 1.06 3 16 1.25 8 4 1.39 5 ;4s I p ! 4 0 1.24 9 4 1.24 8 8 1.37 9
H ueste e t al. [2004] 4 1.10 6 16 1.34 8 4 1.56 6 4 1.31 5 4 0 1.44 9 4 1.42 3 8 1.60 10
Iravani [1996] 4 1.07 6 16 1.29 8 4 1.51 6 4 1.26 5 40 1.39 9 4 1.37 3 8 1.55 10
O luokun  [1991] 4 1.12 3 16 1.32 8 4 1.47 5 4 1.19 3 40 1.30 9 4 1.31 8 8 1.44 9
R aphael [1984] 4 1.13 3 16 1.35 8 4 1.50 5 4 1.22 3 40 1.34 9 4 1.34 7 8 1.48 9
S late e ta l .  [1986] 4 1.45 6 16 1.75 8 4 2.05 6 4 1.71 5 40 1.89 9 4 1.86 3 8 2 .1 0 10
Song  et al. [2 0 0 4 ]“ 4 0 .96 6 16 0 .74 18 4 0.94 8 4 1.14 5 40 0 .99 11 > 3 . 8 0 .93 10
T hom as et al. [2007] 4 1.07 6 16 1.29 8 4 1.51 6 4 1.26 5 40 1.39 9 4 1.37 3 8 1.55 10
T hom as et al. [2 0 0 7 ]“ 4 0 .96 6 m t0 2 13 4 1.37 5 4 1.14 5 40 1.13 10 3 8 1.20 13
W afa et al. [1992] 4 1.05 6 16 1.27 8 4 1.48 6 4 1.24 5 40 1.37 9 4 1.35 3 8 1.52 10
W afa e ta l .  [1992 ]” - - — 16 0.76 18 Xf - - — 40 0 .89 9 - — — 8 0.81 10
Z hang  e t al. [1992] 4 1.66 3 16 1.97 8 4 2 .20 5 4 1.78 3 40 1.96 9 4 1.96 7 8 2 .1 7 9
Mean 1.15 5 1.32 9 1.54 6 1.31 4 1.39 9 1.44 5 1.52 10
C O V : coeffic ien t o f  varia tion  (% ) * N u m b er o f  m easu rem en ts  (2 specim ens fo r each  m easu rem en t) M o d e ls  th a t co n s id e r fibers
N .B : B oxes in g ray  co lo r rep resen t th e  best p red ic to r m odels
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Table 6.22 f r exp /  f r  theo of selected m ixtures
C V C F R -C V C F R -C E M s e e F R -SC C SC M F R -S C M
* M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V
A A S H T O  [2005] 4 1.38 6 16 1.43 11 4 1.66 6 4 1.70 6 40 1.76 7 4 1.93 10 8 1.88 12
A C I 20 9  [1992] 4 1.37 6 16 1.40 12 4 1.65 6 4 1.67 6 40 1.74 6 4 1.96 10 8 1.89 12
A C I 318  [2011] 4 1.41 6 16 1.45 11 4 1.69 6 4 1.73 6 40 1.79 7 4 1.96 10 8 1.91 12
A C I 318  [1 9 8 9 ] ' 4 1.24 6 16 1.29 11 4 1.50 6 4 1.53 6 40 1.58 7 4 1.74 10 8 1.69 12
A C I 363 [1992] 4 0.93 6 w 0J9& 11 4 1.11 6 4 1.14 6 40 1.18 7 4 1.30 10 8 1.26 12
B urg  e t al. [1992] 4 0 .85 6 16 0.88 11 4 1.02 6 4 fc04 40 1.07 7 . * mm • i i w y 8 1.15 12
C arrasqu illo  et al. [1981] 4 0.93 6 m 4 1.11 6 4 1.14 6 40 1.18 7 4 1.30 10 8 1.26 12
C SA  A 23.3  [2004] 4 1.45 6 16 1.50 i i 4 1.74 6 4 1.78 6 40 1.84 7 4 2 .03 10 8 1.97 12
G ao  et al. [1997] ** - - - 16 0.81 18 4 1.09 6 - - - 40 0 .97 9 - - - 8 0 .86 7
H ueste  e t al. [2004] & 0 16 1.09 11 4 1.26 6 4 1.29 6 40 1.33 7 4 1.47 10 8 1.43 12
Iravani [1996] 4 0 .90 6 16 0.93 11 4 1.08 6 4 1.10 6 4 0 1.14 7 4 1.26 10 8 1.22 12
K hayat et al. [1995] 4 1.41 3 16 1.39 11 4 1.46 2 4 1.39 2 4 0 1.43 6 4 1.63 15 8 1.51 9
Padm araja iah  [ 1999] ** — - — 16 0.75 18 4 1.01 6 - - - 4 0 0 .90 9 - — — 8 0 .8 0 7
R aphael [ 1984] 4 1.16 4 16 1.18 11 4 1.31 4 4 1.30 4 4 0 1.34 6 4 1.50 12 8 1.43 10
S late  e t al. [1986] 4 1.61 6 16 1.67 11 4 1.94 6 4 1.98 6 40 2.05 7 4 2 .25 10 8 2 .19 12
S ong  et al. [2004] *’ 4 1.26 6 16 0.80 23 4 1.00 10 4 1.55 6 40 1.25 13 4 1.76 10 8 1.09 11
S w am y e t al. [1974] ” — - — 16 0.83 17 4 1.06 15 - — — 4 0 0.95 9 - - - 8 0 .87 7
T hom as e t al. [2007] 4 1.10 6 16 1.14 11 4 1.32 6 — — — 40 1.40 7 4 1.54 10 8 1.50 12
T hom as e t al. [2007] ** 4 0 .90 6 16 0.79 15 4 1.06 8 4 1.10 6 4flf !# $ ! § # 0 » 4 1.26 10 8 J .0 4 . 10
W afa  e ta l .  [1992] 4 0.85 6 16 0.88 11 4 , r 4 ' 4: 1 .0 4 e 40 1.07 7 Si? ,* 1 0 8 1.15 12
W afa  e ta l .  [1992] “ - — — 16 0.58 23 4 0.72 8 - - - 40 0 .80 12 - — - 8 0 .67 9
Z hang  et al. [1992] 4 1.26 6 16 1.30 11 4 1.51 6 4 1.55 6 40 1.60 7 4 1.76 10 8 1.71 12
M ean 1.17 6 1.09 13 1.29 7 1.41 6 1.34 8 1.61 11 1.38 11
C O V : coeffic ien t o f  varia tion  (% ) * N u m b er o f  m easu rem en ts (2 spec im ens fo r each m easu rem en t) M odels  th a t c o n s id e r  fib e rs  O ld  ve rs io n
N .B : B oxes in g ray  co lo r rep resen t th e  best p red ic to r m odels
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Table 6.23 E c exp / E c theo o f selected mixtures
C V C FR -C V C F R -C E M s e e F R -SC C S C M F R -S C M
* M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V ♦ M ean C O V
A A S H T O  [20051 4 1.27 1 16 1.23 4 4 0 .89 3 4 1.11 2 4 0 1.12 5 4 1.04 8 8 0 .94 4
A C I 2 0 9 [19921 4 1.27 1 16 1.23 4 4 0 .89 3 4 1.11 2 4 0 1.12 5 4 1.04 8 8 0 .94 4
A C I 209119821 4 1.13 1 16 1.17 3 4 0.81 3 4 1.05 3 4 0 1.04 4 4 0 .9 0 7 8 0.83 4
A C I 318  120111 4 1.27 1 16 1.23 4 4 0.89 3 4 1.11 2 4 0 1.12 5 4 1.04 8 8 0 .94 4
A C I 318  119891 4 1.31 1 16 1.35 3 4 0.92 3 4 1.18 2 4 0 1.17 4 4 1.01 8 8 0 .93 4
A C I 318  [1977] 4 1.19 1 16 1.22 3 4 0.84 3 4 1.07 2 4 0 1.06 4 4 0 .92 8 8 0 .85 4
A C I 363 [1992] 4 1.20 3 16 1.25 4 4 0.89 4 4 1.16 4 4 0 1.15 4 HS9 6 8 0 .93 5
A IJ 119851 4 1.28 1 16 1.24 4 4 0.90 3 4 1.12 2 40 1.13 5 4 1.05 8 8 0.95 4
B aalbak i [1997] 4 1.04 5 16 1.11 5 4 0.82 6 4 1.09 5 40 1.08 5 4 0 .92 6 8 0 .87 6
B .A .E .L . 119911 4 0 .88 3 16 0.92 4 4 0.66 4 4 0 .87 4 40 0 .86 4 4 0 .74 6 8 0 .6 9 6
C arrasqu illo  e t al. [1981] 4 1.20 3 16 1.25 4 4 0.89 4 4 1.16 4 40 1.15 4 4 r(K99 6 8 0.93 5
C E B -F IP  M C  [1990] 4 1.01 16 1.06 4 4 0.76 4 4 1.00 - 4 ^ m 1.00 ■v*:; 4 0 .85 6 8 0 .80 6
C E B -F IP  M C  [1995] 4 1.07 3 16 1.12 4 4 0.80 4 4 1.06 4 40 1.05 4 4 0 .90 6 8 0 .84 6
C S A  A 23.3  [2004] 4 1.28 3 16 1.27 4 4 0.95 w 4 ;.+ 4 1.21 4 40 1.23 5 4 1.12 6 8 1.03 5
C S A  A 23 .3 -M 84 4 1.13 1 16 1.16 3 4 0.79 3 4 1.01 40 1.00 4 4 0 .87 8 8 0 .8 0 . 4
D e L arrard  [1996] 4 0.88 3 16 0.92 4 4 0.66 4 4 0 .87 4 40 0 .86 4 4 0 .74 6 8 0 .6 9 6
E urocode  4 [20051 4 0.92 4 16 0.98 5 4 0.71 5 4 0.95 5 40 0 .94 5 4 0 .80 6 8 0 .76 6
G ao  e ta l .  [1997] ’ — — — 16 1.01 6 4 0.80 2 — — — 40 0 .96 4 — — — 8 0 .90 2
G ard n er e t al. [ 1991 ] 4 1.10 2 16 1.15 3 4 0.81 4 4 1.07 4 40 1.07 4 4 0.91 6 8 0 .86 6
H ueste  et al. [2004] 4 1.08 1 16 1.11 3 4 0 .76 3 4 0 .97 2 40 0 .96 4 4 0.83 8 8 0 .77 4
Iravani [1996] 4 1.30 1 16 1.34 3 4 0.92 3 4 1.17 2 40 1.16 4 4 1.01 8 8 0 .93 4
K ak izak i e t al. [2004] 4 1.54 1 16 1.59 3 4 1.09 3 4 1.39 2 40 1.37 4 4 1.19 8 8 1.10 4
M artinez  e t al. [1982] 4 1.20 3 16 1.25 4 4 0 .89 4 4 1.16 4 4 0 1.15 4 4 0J99 6 8 0 .93 5
N oguch i e t al. [2009] 4 1.17 3 16 1.14 4 4 0.88 4 4 1.11 4 40 1.14 5 4 1.06 6 8 0 .9 7 6
N o rw ay  c o d e [1992] 4 1.13 3 16 1.19 4 4 0 .86 5 4 1.14 5 40 1.13 5 4 0 .96 6 8 0.91 6
P a u w [1960] 4 1.28 1 16 1.24 4 4 0 .90 3 4 1.11 2 40 1.13 5 4 1.04 8 8 0 .94 4
S late  e ta l .  [19861 4 1.19 3 16 1.24 4 4 0 .88 4 4 1.15 4 40 1.14 4 4 0 .98 6 8 0 .92 5
T hom as et al. [2007] 4 1.34 1 16 1.38 3 4 0 .94 3 4 1.21 2 40 1.19 4 4 1.04 8 8 0 .95 4
T hom as et al. [2007] " 4 1.23 1 16 1.11 11 4 0 .87 2 4 1.11 2 40 0 .95 7 4 0 .95 8 8 0.71 9
Z h an g  et al. [1992] 4 2 .97 2 16 2 .99 5 4 1.96 4 4 2.43 1 40 2 .40 6 4 2 .12 11 8 1.91 2
M ean 1.22 2 1.24 4 0.88 4 1.13 3 1.12 5 0.99 7 0.91 5
C O V : coeffic ien t o f  varia tion  (% ) * N u m b er o f  m easu rem en ts  (2 specim ens fo r each m easu rem en t) M o d els  th a t c o n s id e r  fibers  ' O ld  v ers ion
N .B : B oxes in g ray  c o lo r rep resen t th e  best p red ic to r m odels
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Table 6.24 £ c(t) exp /  E c( t) theo for E c(t) = £ c(28) o f  selected m ixtures
C V C FR -C V C FR -C E M s e e F R -S C C S C M F R -S C M
* Mean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V * M ean C O V
A C I 20 9  [1992] 3 1.02 3 12. tim . 4 3 1.04 4 3 1.01 30 3 m m * ' 1: . f 1.00^ 2
C E B -F IP  M C [1990] 3 0.83 20 12 0.83 17 3 0 .84 20 3 0.82 19 30 0 .82 16 3 0 .79 18 6 0.81 16
P arro t [1979] % 1 12 0 .96 5 3 W & f. ‘ ■::r 3 0 .98 1 30 0 .98 4 3 0 .84 6 6 0 .9 9 4
M ean 0.95 8 0.93 9 0.95 9 0.94 7 0.94 8 0.87 8 0.94 7
C O V : coeffic ien t o f  varia tion  (% ) * N u m b er o f  m easu rem en ts (1 o r  m ostly  2  sp ec im en s  fo r each  m easu rem en t)
N .B : B oxes in g ray  co lo r rep resen t th e  best p red ic to r m odels
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Table 6.25 Difference in prediction accuracy between all mixtures o f different parameters and
mixtures o f common parameters
Mixture type f c 
exp
 /
 j
*c 
th
eo
<5
■K
§
1
2
0
1
V*
©
fr
1
1
©
+-*
2
I
•*-»
2
CVC A mixture numbers — 27 12 0 13 12
A mean exp/theo — 0.04 -0.02 0.00 -0.10 0.00
A COV (%) — 4 4 0 4 1
FR-CVC A mixture numbers 31 20 0 3 12 10
A mean exp/theo 0.05 -0.06 0.00 0.01 -0.05 0.03
A COV (%) 1 -1 0 2 2 8
FR-CEM A mixture numbers 0 0 0 0 0 0
A mean exp/theo 0.00 0.00 -0.01 0.00 0.01 0.00
A COV (%) 0 0 0 0 0 0
s e e A mixture numbers — 53 23 0 34 28
A mean exp/theo — -0.05 -0.11 0.00 -0.14 0.15
A COV (%) — 4 8 0 4 12
FR-SCC A mixture numbers 225 171 106 9 96 83
A mean exp/theo -0.09 -0.04 -0.02 0.03 -0.12 0.06
A COV (%) 5 6 4 3 7 16
SCM A mixture numbers — 0 0 0 0 0
A mean exp/theo — 0.00 0.00 0.00 0.00 0.00
A C O V (%) — 0 0 0 0 0
FR-SCM A mixture numbers 54 35 18 0 39 24
A mean exp/theo 0.00 -0.02 0.00 0.00 -0.09 0.12
A COV (%) 3 1 2 0 5 14
6.8 Conclusions
Key mechanical properties (compressive strength, compressive strength over time, splitting 
tensile strength, modulus o f rupture, modulus o f elasticity, and modulus o f  elasticity over 
time) o f the self-consolidating mixtures can be predicted using different models designated 
basically for other mixture types with/without consideration for fibers. All o f these properties 
were predictable with different degrees o f correlations, depending on the property and the 
investigated mixture. The prediction correlation o f  a given property o f  an investigated mixture
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is represented by the mean value o f  the experimental-to-theoretical ratios and the 
corresponding coefficients o f  variation.
Most o f applied prediction models were modified, if  needed, to correlate well with the 
experimental data o f the investigated self-consolidating mixtures. New models were also 
proposed to predict the key mechanical properties. The proposed models include different 
parameter terms related to both the cementitious matrix and fibers.
Spreads in mixture parameters (in terms o f characteristics o f  mixture proportions, mixing 
method, mechanical consolidation energy, and curing method) influence mainly compressive 
strength and modulus o f  elasticity o f  various mixture types including FR-SCC. The difference 
in prediction correlation o f  mechanical properties o f different mixture types was evaluated. 
The difference in prediction correlation for a given mixture was obtained by comparison 
between this mixture prepared many times with different characteristics (component 
characteristics, different mixing, consolidation, and curing methods) and the same mixture 
prepared with common conditions. For the FR-SCC mixtures, the difference in prediction 
correlation represented by mean experimental-to-theoretical value o f  a given property and the 
corresponding coefficient o f variation reached 12% and 7%, respectively, regardless o f the 
mechanical property. The highest values were obtained with compressive strength and 
modulus o f elasticity.
The modified and new proposed models herein for a given property o f a mixture type are 
applicable for both cases if  the mixture was prepared with/without spreads in mixture 
parameters.
For mixtures designed with other methods, for example without reduction in coarse aggregate 
content when introducing fibers, the reliability o f application o f these models is not guaranteed 
because o f  the synergetic effect o f fibers and coarse aggregate on certain mechanical 
properties.
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CHAPTER 7 DRYING SHRINKAGE
6th International RILEM Symposium on Self-Compacting Concrete and 4th North American 
Conference on the Design and Use o f SCC, Montreal, September 26-29, 2010
Drying shrinkage models for fiber-reinforced SCC
Fodhil Kassimi1 and Kamal H. Khayat2
12 Universite de Sherbrooke, Sherbrooke, Quebec, CANADA
7.1 Abstract
This paper compares measured drying shrinkage results o f fiber-reinforced self-consolidating 
concrete (FR-SCC) and fiber-reinforced self-consolidating mortar (FR-SCM) to values 
obtained from various shrinkage prediction models. In total, 15 FR-SCC and 4 FR-SCM 
mixtures were investigated. Five fiber types (synthetic, steel, and hybrid fibers) o f  different 
characteristics were used. The Vj ranged between 0.25% and 0.75% for the FR-SCC and 1.4% 
and 1.6% for the FR-SCM. Drying shrinkage was monitored for 13 months at 50% relative 
humidity. Drying shrinkage results were compared to values that can be predicted from 
various shrinkage models, including the AASHTO LFRD (2007), ACI 209 (1992), CEB-FIP 
(1990), Gardner-Lockman (2000), Bazant B3 (1995b), and Sakata (1993) models that are 
proposed for conventional, non-fiber-reinforced concrete. The AASHTO 2004 model, 
modified by Khayat and Long (2010) (KL2010 model) proposed for self-consolidating 
concrete (SCC) is also considered. The shrinkage models were modified to fit the test results 
o f the fibrous mixtures. This was carried out by introducing correction factors that take into 
consideration the use o f SCC and fibers. In general, all modified shrinkage models offered 
accurate prediction o f  drying shrinkage o f  FR-SCC and FR-SCM, with the modified Sakata 
(1993) model providing the best overall prediction for both the FR-SCC and FR-SCM 
mixtures.
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7.2 Introduction
MOKAREM et al. [2003, 2005] evaluated shrinkage results determined over 180 d o f 
conventional vibrated concrete (CVC) made with different compressive strength levels in 
concrete prepared with various substitutions o f cementitious materials and containing different 
types o f aggregate. The authors used the ACI 209 [ACI 209 R-95, 1995], Bazant B3 
[BAZANT et al., 1995b], CEB90 [CEB-FIP MC 1990, 1993], GL2000 [GARDNER et al., 
2001], and Sakata [SAKATA, 1993] shrinkage models in their evaluation. The error 
percentage was calculated as the residual value in percent divided by the measured value and 
used to select the models that could provide the best predictor o f the shrinkage data. The 
residual value is the difference between the predicted and the measured values. A smaller error 
percentage indicates a better fit o f the shrinkage data.
The shrinkage models are predominately developed for drying shrinkage o f CVC. The overall 
error percentage o f the spread between the measured and predicted drying shrinkage results 
ranged o f  25% to 110% for the ACI 209 model, and 11% to 39% for the B3 model, 10% to 
39% for the CEB90 model, 12% to 29% for the GL2000 model, and 57% to 145% for Sakata 
model.
Recently, Khayat and Long [KHAYAT et al, 2010] investigated drying shrinkage o f SCC 
designated for precast, prestressed applications. The shrinkage was monitored for steam-cured 
concrete subjected to 300 d o f drying at 50% relative humidity (RH). The authors reported that 
the AASHTO 2004 [AASHTO LRFD, 2004], AASHTO 2007 [AASHTO LRFD, 2007], ACI 
209, and GL2000 models underestimated shrinkage strains higher than 600 microstrain. The 
AASHTO 2004 model had a mean predicted-to-measured shrinkage ratio o f 0.87 compared to
0.69 for the AASHTO 2007 model. KHAYAT and LONG [2010] proposed two factors for the 
effect o f  the cement type: 0.918 in the case o f  Type MS cement (normal-set cement) and 1.065 
for Type HE cement with 20% fly ash substitution, which is considered as fast-set cement. 
The original CEB-FIP [1993] and the modified AASHTO 2004 models were found to provide 
closer level o f  prediction o f the shrinkage data o f SCC than the GL2000 and ACI 209 
shrinkage models.
In this investigation, drying shrinkage o f FR-SCC mixtures and FR-SCM mixtures prepared 
with different fiber types and fiber contents are compared to various shrinkage prediction
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models in an attempt to recommend shrinkage models for fibrous, self-consolidating cement- 
based materials. Such materials are intended for repair applications where shrinkage 
deformation should be reduced to mitigate the risk o f cracking.
7.3 Materials and mixture proportioning
In total, 15 FR-SCC mixtures, including five fiber-reinforced super-workable concrete (FR- 
SWC) mixtures with Vj o f  0.75% were investigated. Four FR-SCM mixtures prepared with 
different fiber types and fiber contents were also evaluated. The investigated concrete and 
mortar are intended for repair applications where shrinkage deformation should be reduced to 
mitigate the risk o f cracking due to autogenous, drying, thermal, and restrained shrinkage.
Non-fiber-reinforced SCC and CVC with w /c  o f 0.42 and 0.5, respectively, were used as 
reference mixtures. The mixture compositions o f the fibrous mixtures were derived from that 
o f the reference SCC and are presented in Table 7.1. Depending on the fiber characteristics 
and Vf, the contents o f  the coarse aggregate and sand were varied. Continuously-graded natural 
sand with fineness modulus o f 2.4 was used. Crushed limestone coarse aggregate with 
maximum size o f aggregate (MSA) o f 20 mm was employed for the CVC. The MSA o f the 
SCC, FR-SCC, FR-SWC, and FR-SCM mixtures was limited to 10 mm. The coarse aggregate 
and sand had specific gravities o f 2.72 and 2.65, respectively, and water absorptions o f  0.39 
and 1.28, respectively.
Types GU cement was used for the CVC and Type GUb-S/SF cement containing 
approximately 25% granulated blast furnace slag and 5% silica fume was employed for the 
FR-SCC and FR-SCM mixtures, respectively. This type o f blended is popular in Quebec for 
the repair o f concrete infrastructure. Polycarboxylate-based high-range water reducer 
admixture (HRWRA) and liquid-based polysaccharide viscosity-modifying admixture (VMA) 
were used for the SCC mixtures. The CVC mixtures were not air entrained, and the SCC 
mixtures were air-entrained and incorporated a synthetic resin-type air-entraining admixture 
(AEA).
Three synthetic fibers consisting o f  straight monofilament fiber (MO-S), kinked multifilament 
fiber (MU-S), and a combination o f 20% tissue-based micro fiber and 80% crimped macro
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fiber (MI-MA) were used. Two steel/hybrid fibers were also employed: hybrid fibers with 
92% crimped steel and 8% polypropylene fibers (ST-PP), as well as steel fibers (ST). The 
fiber characteristics are presented in Table 7.2.
7.4 Mixing and curing
Series 1 mixtures presented in Table 7.1 were prepared in a drum mixer in batches o f 60 to 80 
liters. Mixtures o f series 2 were prepared in an open-pan mixer in batches o f  185 to 400 liters. 
The mixing sequence o f  the FR-SCC consisted o f mixing the fibers with the sand and coarse 
aggregate and 50% o f the mixing water along with the AEA for one minute. The cement is 
then added and mixed for 30 s followed by the HRW RA and remaining water. After a minute 
o f mixing, the VMA was introduced, and the concrete was mixed for two minutes. After two 
minutes o f rest, the concrete was mixed for two additional minutes. Mixture temperatures 
during mixing and testing were kept constant at approximately 20°C.
Prismatic specimens measuring 75x75x285 mm were prepared to evaluate drying shrinkage in 
accordance to ASTM C 157. The SCC and FR-SCM specimens were cast in one layer without 
consolidation. The FR-SCC mixtures were cast in a single layer and received five internal and 
five external strokes. The FR-SWC mixtures were cast in two layers with five internal and five 
external strikes for each layer. A 10 mm-diameter rod was used for the consolidation. For the 
CVC, specimens were cast according to ASTM C 31 and ASTM C 192. The specimens were 
cured in the molds in the laboratory for 24 hrs following casting and were covered with plastic 
sheet to minimize water loss. Demolded specimens were cured at 100% RH for 6 d then stored 
at 23 ± 2°C and 50% ± 4% to monitor shrinkage for 13 months.
7.5 Results and discussion
As shown in Table 7.3, the drying shrinkage o f the FR-SCC was similar to that o f the FR- 
SWC but lower than that o f  the non-fibrous SCC. The FR-SCM had the highest shrinkage 
given its higher paste content. The CVC had the lowest shrinkage given its lower content o f 
fines and higher content o f  coarse aggregate.
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Table 7.1 Composition o f investigated mixtures
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<4-4V CVC 1 0 175 350 660 1070 „ 0.20
at SCC 1 0 200 475 780 790 3.30 0.64 0.10
MO-S 0.25% 1 0.25 200 475 850 715 4.00 0.80 0.08
MO-S 0.3% 0.3 200 475 860 705 3.80 0.13 0.03
MO-S 0.5% 1 0.5 200 475 885 675 4.20 0.85 0.08
MO-S 0.75% 1 0.75 200 475 915 635 5.00 0.95 0.06
MU-S 0.5% 1 0.5 200 475 845 715 4.00 0.81 0.08
MU-S 0.75% 1 0.75 200 475 860 690 5.50 0.91 0.06
ur ) MI-MA 0.5% 1 0.5 200 475 860 700 3.50 0.95 0.07
C/5
i MI-MA 0.75% 1 0.75 200 475 885 665 4.00 1.12 0.05
ST-PP 0.3% 0.3 200 475 795 770 4.15 0.13 0.03
ST-PP 0.5% 1 0.5 200 475 800 755 4.20 0.95 0.06
ST-PP 0.75% 1 0.75 200 475 810 740 6.00 1.42 0.06
ST 0.25% 1 0.25 200 475 800 770 4.50 0.62 0.07
ST 0.3% 0.3 200 475 800 765 3.75 0.13 0.03
ST 0.5% 1 0.5 200 475 815 745 4.50 0.85 0.06
ST 0.75% 1 0.75 200 475 830 720 6.00 1.33 0.05
MO-S 1.4% 1 1.4 280 665 1135 0 5.55 0.18 0.03
U MO-S 1.6% 1 1.6 280 665 1130 0 6.85 0.18 0.03
i
C4 ST-PP 1.4% 1 1.4 280 665 1145 0 4.60 0.18 0.03
U h ST 1.4% 1 1.4 280 665 1135 0 4.95 0.18 0.03
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Table 7.2 Properties o f the investigated fibers
Fiber type MO-S MU-S MI-MA ST-PP ST
Shape
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Length, Z,/-(mm) 40 50 50 20 42 5-15' 30
Diameter, rf/(mm) 0.44 0.67 0.9 0.05 1.2 0.05 0.55
Elastic modulus, £ /(G Pa) 9.5 5 7.2 N.A. 203 N.A 200
Table 7.3 Drying shrinkage results o f investigated mixtures
Shrinkage strain at c ifferent ages (d)
7 28 56 91 120 180 390
Reference CVC
223 357 422 452 474 512 578
SCC 342 504 585 661 693 749 808
MO-S 0.25% 236 446 519 601 652 701 791
MO-S 0.3% 222 383 470 508 525 567 640
MO-S 0.5% 236 423 498 555 585 632 745
MO-S 0.75% 249 465 571 644 673 731 792
MU-S 0.5% 248 370 449 502 535 573 620
MU-S 0.75% 160 364 434 480 508 560 617
MI-MA 0.5% 289 462 534 606 635 681 780
FR-SCC MI-MA 0.75% 238 399 481 544 574 623 723
ST-PP 0.3% 304 418 510 540 577 615 701
ST-PP 0.5% 156 394 469 522 557 598 703
ST-PP 0.75% 267 426 486 552 583 616 681
ST 0.25% 267 409 480 526 545 599 675
ST 0.3% 272 432 530 598 624 681 744
ST 0.5% 253 430 541 596 627 686 729
ST 0.75% 295 459 551 595 616 665 729
MO-S 1.4% 384 771 965 1087 1142 1234 1392
FR-SCM MO-S 1.6%
403 664 822 872 912 986 1112
ST-PP 1.4% 432 820 995 1063 1162 1239 1413
ST 1.4% 370 693 846 949 999 1089 1191
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The experimental values o f drying shrinkage are compared to those calculated using the 
AASHTO 2004, AASHTO 2007, ACI 209, B3, CEB-FIP, GL2000, Sakata, and KL2010 
(modified AASHTO 2004) models. The models are given in Table 7.4. In this paper, the 
KL2010 model is used with a cement factor o f 0.918. This is carried out to examine the 
applicability o f these models to FR-SCC and FR-SCM mixtures. The models take into 
consideration various parameters affecting shrinkage, including the mixture composition 
(water-to-cement ratio and cement content), specimen characteristics (cross-section and 
volume-to-surface ratio), concrete type (compressive strength), and external parameters (RH 
and curing method). Some models take into consideration the cement type that can influence 
shrinkage, such as the B3, the CEB 90, and the GL 2000 models. None o f these models takes 
into consideration the effect o f fiber addition.
Table 7.4 Original shrinkage models
Model Equation
ACI 209
S sh(T K ) ~ (£ .sh)u p  + (t  t  ) ^c anC* tc‘ ^ me ^  re*ated to curing method.
AASHTO
2007
£ sh =  - k vxk hxk r k tJ 0.48 x 10~3; £vv: factor for the effect o f the volume-to-surface 
ratio o f the component; khx: humidity factor; kf : factor for the effect o f 
concrete strength; ktd : time development factor.
CEB-FIP
90
£ cs„ =  £ s i f  cm )(pR H ) \ £ x i f  cm) : drying shrinkage obtained from (RH) shrinkage 
chart; P RH : coefficient incorporating the effect o f RH on ultimate shrinkage.
B3 e xh( t , t c ) =  - e xhuk hS ( t ) ; e xhu: ultimate shrinkage; k h : factor depends on RH; 
S { t ) : time function for shrinkage.
GL2000 Eshit ~ t c ) ~ EshuP(h)P{t) \ £shu: notional ultimate shrinkage strain; P ( h ) : 
correction term for effect o f humidity on shrinkage; P ( t ) : correction term for 
the effect o f  time on shrinkage.
Sakata
1993
£ s h 0 A )  =  £ sh»i1 - exp { -0.108 ( t - t 0 )°56}]; £ slm: ultimate shrinkage strain; t 0 : 
time drying started (d).
Khayat and 
Long 
(2010)
(  t \
£ xh -  - k ck xk h\ -------- x 0.51 x 10 3 (moist-cured); k c : cement factor proposed
V35 + 1
for  AASHTO 2004 model; k x : size factor; k h ; humidity factor. In this paper, 
the AASHTO 2004 is used with a proposed cement factor o f 0.918, which 
corresponds to the characteristics o f normal-set cement.
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In general, strain values measured for the FR-SCC did not fit well the prediction shrinkage 
models, as shown in Fig. 7.1. Therefore, in order to obtain better fitting o f  the data, a 
correction factor (Aj) is proposed for each mixture type for each o f the considered shrinkage 
models. In other words, for each set o f  shrinkage data and for each model, a statistical 
software that was employed (LAB Fit) considers a factor which would give the closest 
theoretical fitting to the experimental data. For each model, the individual A, factors for each 
mixture are then used to determine a mean correction value (A). The A factor using a given 
model represents the mean o f 15 Aj values in the case o f the FR-SCC mixtures and the mean 
value o f four factors for the FR-SCM mixtures. An example o f this approach is given in Fig.
7.1 for one FR-SCC mixture where the modified AASHTO 2007 model given a correction 
factor Aj is used to ensure better fitting o f  the data.
The mean correction factors for a given model (A) are given in Table 7.5. Linear correlations 
between measured and predicted shrinkage values in terms o f  slope o f the correction and the 
correlation factor (R2) for the investigated FR-SCC and FR-SCM mixtures are also indicated 
in Table 7.5. In general, the R2 values o f the relationships o f the modified models (0.92 to 0.99 
for FR-SCC and 0.84 to 0.99 for FR-SCM) are greater than those o f the original models (0.86 
to 0.93 for the FR-SCC and 0.76 to 0.86 for the FR-SCM), thus indicating better prediction o f 
the experimental shrinkage values.
900
600
■A— Experimental data 
AASHTO 2007 model 
e -  Modified AASHTO 2007
300
o o o o o o o o o o
-  - h r i  m  (N
Time (day)
Fig. 7.1 Divergence between predicted and modified shrinkage (MO-S 0.3% mixture)
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Fig. 7.2Figure 7.2 presents an example o f the comparison o f the measured shrinkage data o f 
FR-SCC mixtures determined at various ages using the CEB-FIP shrinkage model. The same 
data are compared in Fig. 7.3 to the modified model using the correction factor A given in 
Table 7.5. Comparison data between all the theoretical and modified models are presented in 
details from Figs AT to A.20 in Appendix A.
Figures 7.4 and 7.5 present similar comparisons for all shrinkage models considered in this 
study (Figs A.21 and A.22 in Appendix A for FR-SCM). From Fig. 7.4, the original shrinkage 
models given by the AASHTO 2007, CEB-FIP, ACI, and KL2010 models, in descending 
order, are shown to underestimate the shrinkage o f FR-SCC at all ages. MOKAREM et al. 
[2003, 2005] reported similar findings for the CEB-FIP and B3 models. The B3 and GL2000 
models overestimated shrinkage values at early ages and underestimated shrinkage slightly at 
later ages, as shown in Table 7.5. An inverse change from overestimation to underestimation 
o f shrinkage over time was also reported by SCHINDLER et al. [2007] for SCC mixtures 
designed for prestressed applications. The mean overestimation was 20% for the AASHTO 
2004 model and less than 20% for the ACI 209 model at 112 d. Unlike the other models, the 
Sakata model is shown to overestimate shrinkage o f  FR-SCC and FR-SCM, especially at later 
ages, up to 50% (Fig. 7.4). This is in agreement with the findings o f  MOKAREM et al. [2003, 
2005] who found that the Sakata model can overestimate shrinkage.
With the use o f the proposed correction factors (A) for each o f the seven investigated 
shrinkage models, a much better predicting o f the shrinkage data o f FR-SCC and FR-SCM is 
established, as can be seen in Fig. 7.5. As shown in Table 7.5 (also Appendix A, Table AT in 
details), the R2 values o f the predicted to measured shrinkage data for the original model 
ranged from 0.76 to 0.93. This range was enhanced from 0.84 to 0.99 in the case o f  the 
modified shrinkage models. In general, the modified Sakata model followed by the modified 
CEB-FIP model provided the best overall prediction o f the shrinkage results o f the 15 
investigated FR-SCC and 4 FR-SCM mixtures.
/
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Table 7.5 Predicted vs. measured shrinkage values determined using various models before 
and after modifications o f  the drying shrinkage models
N ' Prediction model Modified model
Slope R2 Slope R2 A "
FR-SCC
AASHTO 2007 0.76 0.93 1.33 0.98 1.71
ACI 209 1.11 0.91 1.28 0.97 1.02
B3 0.75 0.86 0.79 0.92 0.97
CEB-FIP 15 0.62 0.92 0.94 0.98 1.45
GL2000 0.87 0.92 0.89 0.97 0.96
KL2010 0.97 0.89 1.17 0.97 1.13
Sakata 1.38 0.91 1.12 0.99 0.77
FR-SCM
AASHTO 2007 0.41 0.84 1.30 0.99 2.76
ACI 209 0.59 0.83 1.24 0.99 1.84
B3 0.37 0.76 0.76 0.94 1.68
CEB-FIP 4 0.32 0.83 0.89 0.99 2.36
GL2000 0.44 0.83 0.87 0.84 1.50
KL2010 0.47 0.80 1.12 0.98 2.01
Sakata 0.77 0.86 0.94 0.99 1.21
Number o f  mixtures considered; Mean correction factor.
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Fig. 7.2 Shrinkage prediction o f FR-SCC mixtures using the original CEB-FIP model
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Fig. 7.3 Shrinkage prediction o f FR-SCC mixtures using the modified CEB-FIP model
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Fig. 7.4 Shrinkage prediction o f FR-SCC mixtures using the seven original models
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Fig. 7.5 Shrinkage prediction o f FR-SCC mixtures using the seven modified models
7.6 Conclusions
The main findings o f this investigation carried out to evaluate drying shrinkage characteristics 
o f self-consolidating concrete and mortar mixtures made with various fiber types and volumes 
designated for repair applications can be summarized as follows:
1. Drying shrinkage o f the FR-SCC shrinkage can be reasonably predicted using the 
modified shrinkage models developed for CVC.
2. The modified shrinkage models offered accurate prediction o f drying shrinkage o f  FR- 
SCC and FR-SCM. Correlation coefficients between measured and predicted shrinkage 
values obtained from various modified models ranged between 0.92 and 0.99 for FR- 
SCC and 0.84 to 0.99 for FR-SCM.
3. In general, the modified Sakata model followed by the modified CEB-FIP model 
provided the best overall prediction o f  the shrinkage results o f  the FR-SCC and FR- 
SCM.
o AC I 209 
°  AASHTO 
 ^ CEB-FIP 
x GL2000 
x  B3 
♦ Sakata 
+ KL2010 -
Modified models
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CHAPTER 8 RESTRAINED SHRINKAGE
ACBM SCC2013: Fifth North American Conference on the Design and Use o f Self- 
Consolidating Concrete, May 12-15, 2013, Chicago, USA.
Effect of fiber and admixture types on restrained shrinkage cracking of self- 
consolidating concrete
Fodhil Kassimi1 and Kamal H. Khayat2
1 Ph.D. candidate, Universite de Sherbrooke, 2500, Boulevard de l’Universite, Sherbrooke,
Quebec, J1K2R1 
fodhil .kassimi@usherbrooke.ca 
2 Professor, Missouri University o f  Science & Technology, 224 ERL, 500 W. 16th St., Rolla,
MO 65409-0710 
khavatk@mst.edu
8.1 Abstract
This paper compares the potential o f  reducing cracking o f various self-consolidating concrete 
(SCC), fiber-reinforced self-consolidating concrete (FR-SCC), and fiber-reinforced self- 
consolidating mortar (FR-SCM) mixtures. Shrinkage mitigation measures included the use o f 
fibers and/or a shrinkage-reducer admixture (SRA) or an expansive agent (EA). In total, 13 
mixtures were investigated using the ring test method (ASTM C 1581). Four reference 
mixtures were prepared, including a non-fibrous SCC mixture, two SCC mixtures with 
polypropylene and steel fibers incorporated at 0.5% by volume, and a FR-SCM mixture with 
0.8% steel fibers. The four mixtures were also prepared with the addition o f  SRA or EA. The 
FR-SCM was also prepared with both SRA and EA. The highest resistance to restrained 
cracking was obtained with the SCC mixture with steel fibers and EA, giving a time-to- 
cracking (tcr) o f 36 d, which reflects low cracking potential. Such concrete exhibited the 
narrowest crack width (w cr) o f  83 pm. For the other mixtures, the tcr ranged between 1.5 and 
23 d, and the w cr between 87 and 283 pm. Empirical models are proposed to predict tcr as 
function o f mechanical and visco-elastic properties.
Keywords: crack width, cracking potential, expansive agent, fibers, shrinkage, shrinkage- 
reducing admixture, time-to-cracking.
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8.2 Introduction
The use o f  fibers provides an effective method to delay or prevent cracking in concrete 
structures. Fibers can also reduce crack width (w^) once cracking has occurred by bridging o f 
cracks or through-crack bearing capacity. The cracking potential is related to the fiber 
characteristics, such as Vf, fiber size or shape, aspect ratio, and specific surface area [VOIGT 
et al., 2004, BANTHIA et al., 2000b]. The w cr can be correlated to the time-to-cracking ( tcr) 
that is determined using the ring test method (ASTM C 1581) [VOIGT et al., 2004]. The fiber 
factor (R f) and the number o f  fibers per unit area o f concrete have also marked effect on w cr 
[BANTHIA et al., 2000b]. Increase in tcm leads to a decrease in w cr. However, the use o f  fibers 
has some limitations and was shown to have negligible effect on tcr [HWANG et al., 2008]. 
Some researchers [HWANG et al., 2008, SHAH et al., 1992, SEE et al., 2003] proposed the 
incorporation o f shrinkage reducing admixtures (SRAs) to reduce w cr and delay the 
appearance o f  the first crack in conventional vibrated concrete (CVC) and SCC. Successful 
repair applications [Pichette, 2005, GANGNE et al., 2008, LESSARD et al., 2009, GAGNE et 
al., 2003] were conducted using metallic fibers made with expansive agent (EA) or synthetic 
fibers with SRA in CVC. Such repair materials did not lead to any debonding o f the repair 
given the greater resistance o f  the repair to cracking.
In some repair applications involving formwork o f intricate forms, narrow sections, or 
structural sections with congested reinforcement, flowable concrete is required to ensure 
proper filling o f the repair section. SCC can also be used for successful casting o f such 
elements. However, shrinkage characteristics o f  SCC are different than those o f CVC given its 
higher paste volume which may increase the cracking potential o f the repair material.
Fiber-reinforced self-consolidating concrete (FR-SCC) is a new class o f  highly flowable 
concrete that combines the advantages offered by self-consolidating concrete (SCC) with 
fibers used to reduce the risk o f cracking. This paper investigates the cracking potential o f 
SCC, FR-SCC, and fiber-reinforced self-consolidating mortar (FR-SCM) mixtures designated 
for repair applications was investigated using the ring test according to ASTM C 1581. Test 
parameters included the fiber type (synthetic or metallic) and type o f shrinkage admixture 
(SRA or EA). This was done for both concrete and mortar mixtures. Shrinkage prediction 
models were developed with the consideration o f the modulus o f elasticity (Ec), as well as
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shrinkage o f  sealed (e5) and unsealed specimens (eu); i.e. autogenous shrinkage and drying 
shrinkage.
8.3 Experimental program
8.3.1 Materials and mixture proportioning
Continuously-graded natural sand with fineness modulus o f  2.6 and crushed limestone 
aggregate with a maximum nominal aggregate size o f 10 mm were used. The specific gravities 
and water absorptions o f  the sand and coarse aggregate are 2.66 and 2.73, and 0.97% and 
0.52%, respectively. Ternary cement (CSA GUb-S/SF) containing approximately 70% Type 
GU cement, 25% granulated blast furnace slag, and 5% silica fume, by mass, was used. 
Polynaphthalene sulphonate-based high-range water-reducer admixture (HRWRA), a liquid- 
based viscosity-modifying admixture (VMA), and a synthetic resin-type air-entraining 
admixture (AEA) were used. A liquid-based propylene glycol ether shrinkage-reducing 
admixture (SRA) and a powder expansive agent (EA) were used. The specific gravities o f  the 
HRWRA, VMA, AEA, SRA, and EA are 1.2, 1.21, 1.01, 0.95, and 3.1, respectively. The SRA 
and EA contents were 2% and 6% o f the cementitious materials, by mass, respectively, which 
lie within the manufacturers’ recommended dosages o f 1% to 2% and 3% to 10%, respectively. 
Fibers used in thus investigation included kinked multifilament synthetic fibers (MU-S) and 
hooked-end steel fibers (ST) with lengths o f  50 and 30 mm and aspect ratios o f  74 and 55, 
respectively.
In total, 13 mixtures were prepared: a reference SCC, two SCC with ST and MU-S fibers, and 
one FR-SCM with ST fiber. The mixtures were also prepared with SRA and EA, used 
separately. For the FR-SCM mixture, both SRA and EA were also incorporated. The mixture 
proportions o f  the investigated mixtures are presented in Table 8.1. Fresh characteristics, 
mechanical properties, and visco-elastic properties o f  the investigated mixtures are given in 
Tables 8.2 to 8.4, respectively.
All mixtures were proportioned with a water-to-cementitious materials ratio o f 0.42. The 
concrete mixtures were designed with a mortar layer thickness over the aggregate and fibers 
( tcm) similar to that o f  the SCC. The self-consolidating mortar (SCM) mixtures were designed
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based on the reference SCC in a way that additional sand corresponding to the same specific 
surface area o f the coarse aggregate was used.
8.3.2 Mixing
The concrete was mixed using a drum mixer using 60 L batches. The fibers (whenever used) 
were mixed with the sand and coarse aggregate and part o f the mixing water for 2 min.
Table 8.1Mixture proportioning o f investigate repair materials
Component
Mixture
Conltent ( cg/m3) Dosage (L/m3)
W
at
er
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nd
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m
m
 
M
SA
H
R
W
R
A
V
M
A
A
EA
SR
A
SCC ref 200 475 — 785 790 6.0 0.1 0.3 —
SCC-SRA 200 475 — 780 795 6.0 0.5 0.1 10
SCC-EA 200 447 28 780 790 6.0 0.1 0.2 —
MU-S 0.5% ref 200 475 — 845 715 6.9 0.1 0.3 —
MU-S 0.5%-SRA 200 475 — 845 710 6.8 0.1 0.3 10
MU-S 0.5%-EA 200 447 28 845 715 6.9 0.1 0.3 —
ST 0.5% ref 200 475 — 810 750 6.0 0.1 0.2 —
ST 0.5%-SRA 200 475 — 805 755 6.0 0.1 0.4 10
ST 0.5%-EA 200 447 28 805 755 6.0 0.1 0.4 —
SCM ST 0.8% ref 280 665 — 1150 — 7.1 0.1 0.3 —
SCM ST 0.8%-SRA 280 665 — 1170 — 7.1 0.7 0.3 15
SCM ST 0.8%-EA 280 625 40 1150 — 7.7 0.7 0.3 —
SCM ST 0.8%-SRA-EA 280 625 40 1145 — 7.1 1.3 0.4 15
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Table 8.2 Test results in fresh state
N y Test method 
Mixture
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SCC ref 700 1.4 0 630 2190 8.2 1.6 1.00 1.3 95 55 11
SCC-SRA 720 1.7 0.5 720 2270 5.5 2.3 1 .00 0.8 100 65 9
SCC-EA 700 1.4 0 655 2270 4.5 3.2 1.00 0.6 95 85 5
MU-S 0.5% ref 670 2.6 0.5 640 2160 7.7 3 0.80 0.5 95 40 11
MU-S 0.5%-SRA 670 2.6 1 640 2120 8.3 3 0.75 0.7 90 75 13
MU-S 0.5%-AE 680 1.2 1 650 2180 7.0 2 .6 0.75 1.6 85 50 7
ST 0.5% ref 700 1.2 0 660 2220 7.4 2.2 1.00 0.7 90 70 4
ST 0.5%-SRA 710 1.5 0 690 2260 5.0 2.3 1.00 0.6 95 95 5
ST 0.5%-AE 690 1.3 0 660 2190 7.2 3.3 0.85 0.8 90 85 10
SCM ST 0.8% ref 830 0.3 0.5 730 2190 5.3 1.7 1.00 0.4 90 95 3
SCM ST 0.8%-SRA 870 0.2 0 850 2210 4.9 1.5 1.00 0.4 100 30 3
SCM ST 0.8%-EA 850 1.0 0 710 2090 8.4 2.2 1.00 0.7 90 45 8
SCM ST 0.8%-SRA-EA 840 1.3 0 790 2230 5.0 2.9 1.00 0.9 90 60 8
Table 8.3 Mechanical properties
----- ~_Age(d)
Mixture
f c (MPa) E c (GPa)
3 7 14 21 28 3 7 14 21 28
SCC ref 28.8 38.3 42.3 43.5 45.9 25.5 27.8 28.0 28.1 29.3
SCC-SRA 22.8 33.8 39.8 43.1 44.3 24.0 27.0 29.0 29.0 30.0
SCC-EA 34.5 43.7 49.4 49.9 53.2 29.4 30.5 30.8 31.8 33.4
MU-S 0.5% ref 27.6 38.2 42.1 45.8 48.8 24.5 26.3 26.8 28.0 29.0
MU-S 0.5%-SRA 23.4 32.2 38.8 39.7 43.4 23.0 26.0 28.0 28.0 31.0
MU-S 0.5%-AE 27.9 40.4 47.8 50.4 50.9 15.0 29.0 29.0 30.0 31.0
ST 0.5% ref 27.2 41.4 47.8 52.4 53.0 26.8 27.2 28.7 29.4 30.1
ST 0.5%-SRA 25.6 35.5 42.5 47.6 47.7 26.5 30.1 32.3 33.3 34.1
ST 0.5%-AE 23.1 36.7 46.4 46.6 46.7 26.0 27.0 30.0 31.0 31.0
SCM ST 0.8% ref 29.4 44.1 49.4 53.8 55.6 20.9 23.3 23.9 24.9 24.2
SCM ST 0.8%-SRA 27.5 38.5 41.9 44.4 46.1 19.4 24.8 27.7 27.7 28.2
SCM ST 0.8%-EA 25.0 38.5 46.2 48.2 50.0 19.9 22.2 24.1 25.5 25.6
SCM ST 0.8%-SRA-EA 27.0 40.2 47.3 49.1 56.4 20.1 23.6 25.3 26.5 27.8
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Table 8.4 Visco-elastic properties
Property value
Mixture
(P
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2 +4-* / '-" 'V
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Ofi is G In
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CA ZL
to
X
JS*3
i-4
a
to
(uiri) "<h
SCC ref 2.6 -65 -385 -266 283
SCC-SRA 4.5 -50 -345 - 150 210
SCC-EA 4.9 -21 -3 2 0 -123 210
MU-S .5% ref 2.6 -42 -380 -2 2 9 171
MU-S 0.5%-SRA 23.0 -54 -325 - 141 90
MU-S 0.5%-EA 21.1 -90 -265 -8 4 90
ST 0.5% ref 6.5 -70 -355 -169 150
ST 0.5%-SRA 22.1 -46 -2 7 0 -109 87
ST 0.5%-EA 35.6 -68 -2 0 0 -7 4 83
SCM ST 0.8% ref 1.5 -51 -665 -354 156
SCM ST 0.8%-SRA 3.4 -21 -565 -3 2 6 155
SCM ST 0.8%-EA 5.1 -95 -4 5 0 -2 9 6 155
SCM ST 0.8%-SRA-EA 9.6 -40 -405 -2 7 6 106
+ Measured at tcr, * Measured at 7 d from the beginning o f shrinkage (10 d from casting).
For the fibrillated fibers, the fibers were first mixed with the coarse aggregate and sand for 4 
min to break down the fibrillates. The AEA was diluted with part o f the mixing water and 
mixed for 1 min. The ternary cement (and EA if  used) was then added and mixed for 30 s, 
followed by the HRWRA and the remaining 50% o f the water. After 1 min o f mixing, the 
liquid-based VMA was introduced (then the SRA if  used), and the concrete was mixed for 2 
min to secure sufficient flowability. Mixing was stopped for 2 min, and remixing took place 
for 2 additional minutes. Mixture temperature during mixing and testing was approximately 
20°C. The same mixing procedure was applied for the non-fibrous SCC. The same sequence 
was followed for the FR-SCM mixtures without coarse aggregate. The dosage o f the AEA was 
adjusted in to secure 6.5 ± 1% fresh air volume.
The mixtures are identified with the terms SCC or SCM. MU-S or ST refer to the type o f fiber 
use; 0.5% or 0.8% refer to fiber volume (V /), and SRA or EA refer to the type o f shrinkage- 
reducing admixture in use.
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8.3.3 Test methods
In the fresh state, the slump flow diameter, T50 spread time, and visual stability index (VSI) 
were evaluated. The passing ability was evaluated using the modified J-Ring and L-box test 
methods [KHAYAT et al., 2008]. The clearance between adjacent bars in the J-Ring and L- 
box setups were approximately 2.5 times o f  the fiber length. Therefore, the J-Ring setup used 
for the FR-SCC and FR-SCM mixtures with steel fibers had eight bars with net clearance 
between adjacent bars o f  105 mm, instead o f  42.9 mm for the standard setup for SCC (ASTM 
C 1621) that uses 16 bars. For the FR-SCC mixtures with MU-S fibers, six bars were 
employed with clearance o f 140 mm. The L-box setup was used with a single bar in the 
middle o f the horizontal leg, giving a clear space o f 80 mm. The blocking ratio (h2/h |)  was 
determined using the h | and I12 values corresponding to the heights o f the concrete at both ends 
o f the horizontal leg o f the device. The V-funnel test was used with outlet dimensions o f 
65x75 mm [HWANG et al., 2006]. The filling capacity was determined using the caisson test 
[HWANG et al., 2006].
A modified Tattersall two-point workability rheometer (MK III model) was used to determine 
the plastic viscosity ( p p )  and dynamic yield stress ( t o ) .  Restrained shrinkage tests were 
conducted according to ASTM C 1581. Two ring setups were prepared for each mixture, as 
shown in Fig. 8.1 (a). The dimensions o f  the ring test are illustrated in Fig. 8 . (b). The 
mixtures were cast around the inner rigid ring o f  steel material. The concrete specimen 
measured 150 mm in height, 37.5 mm in thickness, with an inner diameter o f  325 mm. Two 
strain gauges were used for each ring setup. The strain gauges were placed at mid-height on 
the inner circumference o f the steel ring and connected to a data acquisition system to record 
strain development over time from the beginning o f  drying shrinkage o f  the concrete ring. The 
test was followed up over the cracking for each mixture (Fig. 8.2). The strain gauges monitor 
mostly the time o f sudden drop in strains o f  the steel-ring due to relaxation o f stresses 
following the cracking o f concrete. A 3x magnifying mirror was used to monitor crack 
appearance and determine tcr. A hand-held microscope (50x) was used to determine w cr at 40 d 
for all mixtures. This age corresponds to the time where all tested materials had cracked. Since 
the width o f a crack varies, five measurements along the crack length were considered to 
determine w cr.
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Two prismatic beam specimens measuring 75><75x285 mm were prepared and connected to 
external vibrating-wire gauges to measure shrinkage under sealed and unsealed conditions 
(Fig. 8.3). For each mixture, 15 cylinders measuring 100 mm in diameter and 200 mm in 
height were prepared to determine compressive strength (f'c) and Ec at 3, 7, 14, 21, and 28 d o f 
age, in compliance with ASTM C 39 and ASTM C 469, respectively.
A dhesive Aluminium Tape
(a) (b)
C oncrete ringInner S teel Ring
Ol
300  mm
W ood b a se  
covered  with 
teflon sh e e t325 mm
400  mm
Fig. 8.1 Restrained shrinkage test, (a) test setup; (b) dimensions o f ring setup [HWANG et al.,
2008]
Fig. 8.2 Cracked ring concrete specimen Fig. 8.3 Sealed and unsealed concrete prism 
specimens
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For the ring specimens, SCC and FR-SCM mixtures were cast in one layer without 
consolidation. In the case o f  FR-SCC, casting was also made with a single layer, and the 
material was consolidated by applying 15 internal strikes using a 10 mm steel rod. Specimens 
made with SCC and FR-SCM were cast in a single layer without any consolidation. FR-SCC 
specimens were cast in one single layer and received 5 internal and 5 external strikes to 
enhance surface quality.
All specimens (prisms, cylinders, and rings) were demolded after 24 hrs and moist-cured for 2 
d under wet geotextile covered with polyethylene sheet. For the ring specimens, the outer ring 
was removed. Specimens prepared for sealed condition were then wrapped with adhesive 
aluminum tape, while those cast to evaluate drying shrinkage were air-cured. For the rings, the 
top surface was sealed with adhesive aluminum-foil tape. Air-curing took place at 23 ± 2 °C 
and 50% ± 4% relative humidity. Crack measurements involved the determination o f the 
maximum width o f all cracks that appeared in two specimens tested for each mixture. For each 
crack, the maximum value o f five readings was taken along the crack length.
8.4 Experimental results and discussion
8.4.1 Fresh state
As shown in Table 8.2, the initial slump flow values o f the investigated concrete and mortar 
mixtures were 700 ± 20 mm and 850 ± 20 mm, respectively. The flow times T50 by slump 
flow and T 70 by modified L-box were lower than 3 and 2 s, respectively. The SCC, FR-SCC, 
and FR-SCM mixtures had r0 values o f 55 to 85 Pa, 40 to 95 Pa and 30 to 95 Pa, respectively. 
The corresponding p p values were 5 to 11 Pa.s, 5 to 13 Pa.s and 3 to 8  Pa.s, respectively.
The investigated mixtures had a minimum J-Ring spread o f 630 mm, a maximum V-funnel 
flow time o f 4 s, a minimum L-box blocking ratio o f 0.7, and a minimum filling capacity o f 
87%. These passing ability and filling capacity characteristics are considered adequate to 
assure adequate flow o f highly restricted repair sections. The use o f SRA did not seem to 
affect workability. This is in compliance with previous findings [HWANG et al., 2008].
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8.4.2 Mechanical properties
From Table 8.3, f ’c values ranged between 44 and 53 MPa, 43 and 53 MPa, and 46 and 56 
MPa for the SCC, FR-SCC, and FR-SCM mixtures, respectively. The E c values ranged from 
30 and 33 GPa, 29 and 34 GPa, and 24 and 28 GPa for the aforementioned mixtures, 
respectively. No clear effect o f  the incorporation o f  EA on mechanical properties was noted. 
However, the incorporation o f  SRA led to some reduction o f the 28-d f ’c corresponding to 4- 
2 1 %.
8.4.3 Visco-elastic properties
The development o f  ring strains for some mixtures during drying is shown in Fig. 8.4. The de­
values are also indicated. The cracks developed at the weakest point o f the concrete ring when 
the tensile stress inside the concrete exceeded the tensile strength [VOIGT et al., 2004]. In the 
case o f  fibrous mixtures when drying shrinkage increases, cracks appear in zones other than 
those restricted by the fibers or in zones with less presence o f fibers. From Table 8.4 and Fig. 
8.5, both SRA and EA are shown to decrease autogenous shrinkage (e5) determined on sealed 
specimens and drying shrinkage (eM) measured on unsealed specimens. This is in agreement 
with previous findings [VOIGT et al., 2004, HWANG et al., 2008, SHAH et al., 1992, 
PICHETTE, 2005, GAGNE et al., 2008, LESSARD et al., 2009, GAGNE et al., 2003], A 
PNS-based HRWRA was used rather than other types o f  HRWRA for purpose o f reduction o f 
cracking potential. HWANG et al. [2008] found that PNS-based HRWRA offered lower 
potential cracking than PC-based HRWRA.
Time (day)
0
S T  0 .5 % -S R A  (22.1 -d )
63 A  70  77  84 91
e
2
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-1 0 0  S C C  re f (2 .6 -d )
Fig. 8.4 Development o f strains in the inner ring due to concrete contraction
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Fig. 8.5 Time for cracking o f the investigated mixtures
In what follows and based on Table 8.4, the effect o f the mixture ingredients: fibers, SRA, EA, 
and coarse aggregate on eu, tcr and w cr o f the ring test is further analyzed.
E ffect o f  f ib e r s  -  The incorporation o f  fibers provided similar or less drying shrinkage (e„) 
(reduction o f  up to 8%) than the reference SCC made without any fibers. As shown in Fig. 8.5, 
the incorporation o f MU-S fiber did not affect tcr. This is in agreement with previous findings 
[HWANG et al., 2008]. However, the incorporation o f  ST fiber delayed tcr by 150% compared 
to the reference SCC. This is due to the lower eu and due to the effect o f  anchorage o f  the 
hooked ends resisting to fiber slipping from the cementitious matrix. Generally, fibers reduced 
w cr by 40% and 50% for MU-S and ST types, respectively compared to the reference SCC.
E ffect o f  SRA  -  As shown in Fig. 8.5, the incorporation o f  SRA led to reduction o f 10% to 
23% in e„, delay o f  tcr by 70% to 780%, and reduction o f w cr up to 47% for the whole mixture
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types. For the FR-SCC mixtures made with the MU-S and ST fibers, these values were 15% 
and 23%, 240% and 780%, 47% and 42%, respectively. On the other hand, the incorporation 
o f SRA led to lower eu, which allowed longer tcr as aforementioned. This is in agreement with 
previous findings [HWANG et al., 2008].
E ffect o f  EA  -  As illustrated in Fig. 8.5, the introduction o f  EA in SCC mixtures containing 
MU-S and ST fibers permitted a reduction in eu by 17% to 37%, an enhancement (increase) in 
tcr by 330% and 627% and a reduction in w cr by 37% and 70%, respectively, compared to SCC 
mixture containing EA without any fibers. The combination o f  ST fibers and EA provided the 
lowest cracking potential (tcr o f 35.6 d and the smallest w cr o f 83 (im) amongst all o f the 
investigated mixtures. For the SCC with ST fibers and EA, cracks did not lengthen along the 
ring height. It is important to point out that the FR-SCC mixtures contained lower coarse 
aggregate content, higher sand content, similar or higher HRWRA content compared to the 
SCC mixtures (Table 8.1) that would however increase the cracking potential.
E ffect o f  c o a rse  a g g re g a te  -  From Fig. 8.5, the FR-SCM mixtures with ST fiber used at V /o f  
0.8% exhibited 26% to 45% reduction in w cr compared to their corresponding SCC mixtures, 
despite the fact that the increase in e„ was 40% to 73%. This is due to the high V/ (0.8%). 
However, there was no improvement in tcr due to the absence o f coarse aggregate that can lead 
to greater drying shrinkage compared with the corresponding SCC mixtures (447-665 pstrain 
vs. 320-384 pstrain after 7 d o f  drying).
The combination o f fibers, SRA, and EA in a SCM led indeed to a delay in tcr by 90% and a 
drop o f w cr by 32% compared to the longest tcr and smallest w cr obtained from the FR-SCM 
mixtures, respectively. The mortar also had a 10% decrease in eu. Nevertheless, the SCM ST 
0.8%-SRA-EA mixture still exhibited a tcr o f  9.6 d which is considered as moderate-high 
cracking potential, given the absence o f the coarse aggregate (Fig. 8.5).
The effect o f  different parameters such as incorporation o f fibers, fiber type, and shrinkage- 
reducing admixture type on drying shrinkage, tcr, and w cr o f the different investigated mixtures 
(SCC, FR-SCC, and FR-SCM) are presented in details in Appendix B, Table B .l.
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In light o f the above results, there is a synergetic effect o f  the following ingredients on 
cracking potential: fibers-SRA, fibers-EA, and fibers-SRA-EA. The longer tcr is, the narrower 
is the Wc-for the investigated mixtures (R o f 0.58). The relationship is better when only the 
fibrous mixtures are considered (R2 o f 0.82), as indicated in Fig. 8.6. From Fig. 8.4 and for 
some fibrous mixtures (example o f ST 0.5%-EA), any drop was observed in the concrete 
strain when cracking happened. From the same figure and for the rest o f  FR-SCC mixtures 
with/without SRA or EA, a partial drop in concrete strain was observed. This is due to the 
residual stresses applied by fibers on the ring at the post-cracking level.
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y = -0.0028x + 0.1609 
R2 = 0.820.160 -
0.120
♦ ♦ ♦■S 0.080 
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Time-to-cracking, t cr (day)
Fig. 8.6 Crack width as function o f time-to-cracking for fiber-reinforced mixtures
A comparison between the two fiber types used with/without SRA or EA showed that the MU- 
S fiber provided higher w cr than the ST fiber. These fibers had R I  o f  37 and 27, aspect ratios o f 
74 and 55, and fiber surface areas o f 38.3 and 36.4 m2/m \ respectively. The fiber surface areas 
were calculated according to Eq. (6-1) [VOIGT et al., 2004].
4 V ,
A , = ~ r  (8- 1}
VOIGT et al. [2004] found an inversely proportional relationship between w cr and RI, and w cr 
and fiber surface area. BANTHIA et al. [2000b] reported that higher fiber aspect ratio and 
higher fiber surface area can lead to more effective fiber performance. In this paper, the results
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are not totally in agreement with the mentioned findings [VOIGT et al., 2004, BANTHIA et al, 
2000b]. This is due to the increased bond resulting from the hooked ends o f the steel fibers. 
On the other hand, the small dimensions (L f and dj) made o f  the steel fibers more efficient in 
reducing w cr. This is in agreement with findings by BANTHIA et al. [2000b].
From Table 8.4 and Fig. 8.5, the best cracking potential results were generally obtained with 
the set o f  FR-SCC mixtures (tcr o f up to 35.6 d representing low cracking potential and w cr o f 
83 to 171 pm) followed by the FR-SCM mixtures (tcr o f  up to 9.6 d representing moderate- 
high cracking potential and w cr o f 106 to 156 pm). The set o f SCC mixtures without fibers 
provided high cracking potential (maximum /CTo f 4.9 d and wcro f 210 to 283 pm).
The w cr values o f the investigated self-consolidating mixtures (FR-SCC and FR-SCM) which 
have relatively high volume o f  paste (39% to 57%) are smaller than those obtained for FR- 
CVC [VOIGT et al., 2004] that contain less paste volume (approximately 35.5%). All 
mixtures respected the ACI 318 [2011] requirements allowing a maximum w cr o f  0.4 mm and
0.3 mm for non-exposed and exposed concrete members to external attacks, respectively.
8.5 Prediction of time-to-cracking
Based on the results summarized in Table 8.4 and using multi-regression analysis with a 
confidence limit o f 95%, tcr o f SCC and FR-SCC mixtures can be expressed using the 
following equation:
tcr [d] = -  0.328 x { 3-d Ec [GPa]} -  0.226 * {7-d eu [pstrain]} + 0.053 x {7-d es 
[pstrain]} + 85.229 R 2 =  0.85 (8-2)
The tcr value o f  SCC and FR-SCC mixtures can also be expressed without consideration o f  es, 
as indicated in the following equation and shown in Fig. 8.7.
tcr [d] = -0.275 x { 3-d Ec [GPa]} -  0.177 x {7-d eu [pstrain]} + 76.304 R 2 = 0.83
(8-3)
For the FR-SCM mixtures, that had higher es and eu values and lower Ec given the absence o f
coarse aggregate, the following equation can be used to predict tcr:
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to- [d] = 0.245 x { 3-d Ec [GPa]} + 0.097 x {7-d eu [pstrain]} - 0.431 x {7-d es 
[pstrain]} + 84.480 R 2 = 1 (8-4)
If es value is not available, the following can be used to predict tcr o f FR-SCM:
tcr [d] = 0.102 x { 3-d Ec [GPa]} -  0.445 x {7-d eu [pstrain]} + 91.402 R 2 = 1
(8-5)
For all the prediction equations, e ^ a n d ^ m  Table 8.4 are considered with positive values. As it 
can be seen from Eqs (6-3) and (6-4), when E c o f mortar increases, tcr increases as well, unlike 
the case o f  concrete mixtures.
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Fig. 8.7 Contour diagrams o f  cracking potential o f SCC and FR-SCC mixtures as function o f
7-d su and 3-d Ec
8.6 Conclusions
Based on the results reported in this paper, the following conclusions can be drawn:
1. The incorporation o f fibers can improve the post-cracking response o f  the concrete and 
mortar.
2. The main parameter affecting cracking potential is the drying shrinkage. Drying 
shrinkage o f the FR-SCM was higher than FR-SCC and the non-fibrous SCC.
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3. In terms o f cracking potential, the best results were obtained with the FR-SCC 
mixtures that exhibited low cracking potential, followed by the FR-SCM mixtures that 
exhibited moderate-high cracking potential, then the SCC mixtures that exhibited high 
cracking potential.
4. Generally, the use o f fibers enhances tcr (case o f ST fibers) and reduces w cr (with all 
fibers), but when SRA and/or EA is incorporated, there is a synergetic effect between 
the fibers and the SRA and/or EA, that results in reducing cracking (longer tcr and 
lower wCT), regardless o f  the fiber type.
5. In general, ST fiber performed better than the MU-S one in terms o f tcr and w cr, 
regardless o f  the presence and type o f  SRA or EA.
6. For the employed dosage rates, the incorporation o f EA led to greater tcr and lower w cr 
than the SRA, regardless o f the fiber presence and type.
7. The best combination was obtained with ST fiber and EA, providing relatively low 
cracking potential with very thin crack appeared at 36 d and without visible relaxation 
o f tensile stresses.
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CHAPTER 9 FLEXURAL RESPONSE AND DURABILITY
9.1 Introduction
This part o f the study aims to evaluate the influence o f  different types o f fibers on the flexural 
response and durability and to develop fiber-reinforced mixtures targeted for the use in repair 
applications. The optimized mixtures were used in the repair o f  full-scale reinforced concrete 
beams. The validation o f structural performance was carried out on the full-scale beam 
elements using four-point bending test. These beams include monolithic beams as reference 
and those cast in two layers to simulate repaired structural elements. The mixtures used for 
casting the beam elements cover various types o f concretes, including CVC, FR-CVC, SCC, 
FR-SCC, FR-SWC, and FR-SCM. The parameters taken into account in this part o f  the study 
are:
- Concrete type: SCC vs. CVC;
Mixture type (concrete vs. mortar): SCC vs. SCM;
Fiber type: two synthetic, one hybrid, and one steel fiber types;
V/. 0, 0.3%, 0.5%, for concrete mixtures , and 1.4% for FR-SCM;
Slump flow consistency for reference monolithic beams (FR-SCC vs. FR-SWC);
- Maximum flow distance: 3.2 m (one point o f casting from one end o f  the beam)
- Flexural reinforcement ratio: two vs. three longitudinal 20M steel reinforcing bars;
In total, 13 monolithic beams and 15 repaired beams measuring 250^400x3200 mm (bxhxL) 
were prepared, as presented in Figs 9.1 and 9.2. For all the investigated mixtures, key fresh 
properties, including deformability, passing ability, filling capacity, and segregation resistance, 
as well as hardened properties (mechanical properties, drying shrinkage, resistance to 
chloride-ion penetration, and mercury-intrusion porosity) are also investigated. The main 
measurements to be carried out on the investigated beams were crack load, yield load, ultimate 
load, crack width, crack pattern, concrete and reinforcement strains, stiffness, toughness, cores 
for compression, and repair -to- substrate bond. The properties to be predicted were crack load, 
ultimate load, crack width, and deflection. All necessary preparations to simulate repair o f  
damaged beam elements are mentioned herein.
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Fig. 9.1 Scope o f  work for 13 m onolithic beams
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9.2 Difficulties and contradictory situations
In the case o f  repair, there are some contradictory issues to be solved, as follows:
-  target high workability and simultaneously high V/,
-  obtain maximum fluidity and simultaneously maximum stability;
-  target maximum thickness o f  repair layer to prevent blockage and segregation in the repair 
zone and simultaneously minimum thickness o f this repair layer to prevent loss o f  the 
beam originality.
9.3 Design of beam elements
As mentioned in the introduction, typical monolithic and repair beams measuring 250 mm in 
width, 400 mm in height, and 3200 mm in length were prepared to assess their structural 
performance using four-point bending test. Most o f the prepared beams had one configuration 
o f reinforcement, as presented in Fig. 9.3. The beams were reinforced with two longitudinal 
20M bars for tension, two longitudinal 10M bars for compression, and steel stirrups o f  8 mm 
in diameter spaced 150 mm apart (Fig. 9.3). The bottom layer o f reinforcement had a clear 
spacing o f  115 mm between two 20M bars. The SCC3 beam was designed with 3 o f  #20M 
bars giving a clear spacing o f 95 mm between the bars. The side and vertical clear covers were 
kept constant at 40 mm for all the beams. Therefore, the effective depth d  o f  342.25 mm was 
maintained for all investigated beams.
For the design purpose, compressive strength o f  concrete was considered to be 35 MPa. The 
steel reinforcing bars meet CSA G30.12 standard. The nominal yield stress o f  the reinforcing 
bars was 400 MPa and 450 MPa for the 20M and 10M bars, respectively (Figs 9.4 and 9.5), 
and the modulus o f elasticity was 200 GPa for both bars. Actual tensile properties o f  each 
reinforcing bars were determined using standard tensile tests conducted on three samples for 
each bar type.
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Fig. 9.3 Section view for beam elements
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Fig. 9.4 Stress-strain curve from direct tension test on 20M bars
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Fig. 9.5 Stress-strain curve from direct tension test on 10M bars
Initially, the beams were designed with three 20M steel reinforcing bars for tension. However,
the number o f bars was reduced to two for the following reasons:
-  Beams were designed to represent repaired structural elements. The repair can also be 
applied to slabs, walls, and other structural elements. In the case o f  slabs, the 
reinforcement density according to ACI 318 [2011] should not be lower than the minimum 
o f l l / / y and 5% A c, which corresponds to 2.75% (reinforcement denser than the beams), 
where f y is yield stress o f  the steel reinforcing bars and A c is the concrete cross-section. In 
the case o f walls, the mesh reinforcement o f approximately 300><300 mm is usually 
encountered (reinforcement lighter than the beams). Therefore, the chosen reinforcement 
ratio is between the slab and wall elements.
-  The ratio A J A C o f 0.8% and 1.1% with two and three 20M bars, respectively, fulfilled the 
minimum required reinforcement ratio for beams. This ratio varied between 0.3 and 3.3% 
according to the ACI 318 [2011] code.
-  With three longitudinal 20M bars design, spacing between two consecutive bars was 45 
mm vs. the fiber length, which varied between 20 and 50 mm. For the beams cast with 
fiber-reinforced mixtures, only two o f 20M bars were used (instead o f  three 20 M bars
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used only for one beam without fibers). This is done to mainly avoid blockage o f mixtures 
due to high V /o r  Lf. Thus, the clear spacing between the bars was 115 mm.
-  Maximize and emphasize the effect o f fibers in the tensioned part o f the repair beams
compared to that o f the steel reinforcement on the flexural behavior o f the beams.
-  Reduction o f 50% in the bottom reinforcement provides savings in repair costs.
To choose an adequate design o f beam, the concrete cover is one o f  the important parameters
to consider. GAGNE [2005] reported that the specified steel cover for prestressed and non­
prestressed concrete, when exposed to o f the environment with chloride and other corrosive 
agents, must not be lower than: [60 mm; twice the nominal reinforcement diameter; twice the 
nominal coarse aggregate diameter]. The repair procedures are generally carried out due to the 
reinforcement corrosion. The steel cover has been chosen considering 20M nominal 
reinforcement diameter commonly used to make structural elements. Therefore, a thickness o f 
40 mm has been chosen, which generally corresponds to the average steel cover in most 
existing elements in -s itu  to be repaired.
9.4 Beam-rupture mode
In this study, all the investigated beams were designed to have failure in flexure. Firstly, the 
shear span a  and beam depth d  were kept constant at 500 mm and 1050 mm, respectively, for 
all the beams, which yield a shear span-to-depth ratio o f 3.09 (Fig. 9.6). This ratio must be 
higher than 2.5 to obtain a beam action (slender beam), i.e. rupture by flexure. Secondly, the 
failure mode has been verified considering the chosen reinforcement as shown in the 
following section.
P/2 P/2
a =  1050 500 1050
End
2600
3200
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Fig. 9.6 Flexural loading system for beam elements
9.4.1 Beam with 2*20M bars
- Shear
According to the ACI 318 [2011] code, the failure load corresponding to the nominal shear 
strength (total shear load capacity, P sh) can be expressed by the following equations:
Pyh= 2 x V  (9-1)
V =  VC +  V, (9-2)
1 7
K = —7 x K x d  (9-3)
6
y  = A l X fy ,  X X d )  =  A s, X X d  
b „ x S  S
where:
V: nominal shear strength;
Vc: shear strength o f concrete;
Vs: shear strength o f stirrups; 
f ’c\ 28-d compressive strength o f  concrete (35 MPa); 
b w: width o f concrete cross-section (250 mm); 
d: beam depth (342 mm);
A sl: cross-section o f  transversal reinforcement (stirrups o f  = 8 mm) (2x50.3 mm 2); 
f y,: yield stress o f the 8 mm transversal steel stirrups (400 MPa);
S: spacing between transversal steel reinforcing stirrups (150 mm).
The numerical application leads to: Vc = 84 kN, Vs = 92 kN, V -  176 kN, and P sh = 352 kN.
- Flexure
The flexural load has been verified by the following calculations:
A  f
c  = ----- ^ —  (9-5)
a . p . f c K
M = T x
2
d - r -  = As. /v x d - p
\ 2
(9-6)
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(9-7)
a
a  = 0.85 -0 .0015  x f  >0.67 
p  =  0.97 -  0.0025 x / c > 0.67
(9-8)
(9-9)
where:
c : height o f  the compressed zone o f  the beam;
A s: cross-section o f the tensioned longitudinal reinforcement (2x298.6 mm2); 
f y \ yield stress o f  the 20M reinforcing steel bars (400 MPa); 
a  and /?: coefficients;
M r\ resistance moment o f the beam;
T: tensile force in the tensioned part o f the concrete section;
P: total flexural load capacity.
With numerical application: c  = 38.8 mm, M ,  = 77.7 kN.m, and P  = 148 kN.
The total flexural load capacity is lower than the nominal shear strength (148 kN < 352 kN), 
therefore, the rupture occurs in flexure.
9.4.2 Beam with 3x20M bars
For the one beam reinforced with three longitudinal 20M bars, the failure load corresponding 
to the nominal shear strength is 352 kN, c  = 58.2 mm; M r = 113.5 kN.m, and the total flexural 
load capacity P  =  216 kN.
The failure o f  the beam also occurs in flexure mode (216 kN < 352 kN).
Both flexural and shear load values (with both two and three 20M reinforcing bars) are lower 
than the ultimate capacity (500 kN) o f the available loading system.
9.5 Discussion on thickness of repair layer
In the case o f  repair, the choice o f repair thickness must fulfill two contradictory requirements: 
Ensure easy placement o f repair concrete,
- Limit the thickness o f  repair section for economical and structural considerations.
170
Chapter 9: Flexural response and durability
Indeed, it is very important to choose a representative and adequate repair thickness taking 
into account the previous conditions. Generally, the codes regulate the removal o f concrete 
behind the steel bars to a minimum distance o f 25 mm. In this study, the minimum repair 
thickness ( Tr), including the 25 mm o f removed section, is expressed as follows:
Tr (mm) > [ e  +  & i  +  & 2  +  25] = 92.5 mm (9-10)
where:
e: steel cover to the exterior face o f the transversal stirrups (e = 40 mm); 
d>\ '. diameter o f the longitudinal steel bars, 20M ( 0 /  = 19.5 mm);
0.?: diameter o f the transversal steel stirrups ( 0 2  = 8 mm).
A repair thickness o f 125 mm, which is equivalent to approximately one third o f total height 
o f  beam, was decided after thorough considerations on the following issues:
- To improve the concrete placement and avoid blockage o f concrete/mortar with a 
minimal thickness o f 92.5 mm vs. fiber lengths o f 19.5 to 50 mm;
Structural and economical considerations vs. easy placement;
- Length o f  the repair zone o f 3200 mm.
9.6 Simulation prior to repair
The following parameters should be considered prior to the repair:
- high Vf incorporated in some beams;
- fiber length o f 19.5 mm to 50 mm;
free spacing o f  115 mm between longitudinal bars;
minimal free spacing o f  40 mm between formwork and reinforcement steel;
repair zone length o f 3200 mm;
tri-directional rough and smooth reinforcement surface,
Given the above mentioned conditions, the repair technique which will be described in Section 
9.9 can be considered as a severe application due to the high workability requirements for a 
successful repair. To avoid any eventual blockage o f the fibrous concretes or mortars, it was 
important to develop a simple and economical test method that can simulate the repair. This 
simulation could predict casting characteristics in the repaired zone and necessary changes in 
the design o f  the beam or in the repair thickness which could be done.
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During the optimization procedure, a simulation o f the repair casting was carried out on a 
large modified L-box device (Figs 9.7 and 9.8) which is similar to the typical L-box. Unlike 
the typical L-box, the modified setup did not contain either the vertical reinforcing bars or the 
trap gate that allows stopping the flow o f fresh mixture. Instead, horizontal part o f the 
modified L-box contains a small cage o f  reinforcing bars (Figs 9.7 and 9.9) in which the 
longitudinal bars (2X20M) are welded with the transversal half-stirrups (<t>8@150 mm). Thus, 
the modified test methods are carried out as the following steps:
- Put the cage into the horizontal part;
Cover the horizontal part with a plate (simulating the interface between repair and 
substrate materials), which connects to the cage and leaving an opening for evacuation 
o f  air during casting;
Monitor blockage, filling capacity, and passing ability through transparent Plexiglas on 
one later side o f the horizontal part.
- Pour continuously the fibrous mixture through the vertical compartment with a 
constant rate o f approximately 0.4 L/s;
- Let the mixture flow under its own weight until the end o f the horizontal part through 
the tridimensional steel reinforcement cage.
Among various mixtures investigated in this study, three o f the most problematic mixtures 
having relatively low workability were chosen to validate this modified L-box test. The three 
mixtures SCC with mono-filament synthetic fibers MO-S at 0.75% Vf, SCC with hybrid fibers 
ST-PP at the same Vf, and SCM with metallic fibers ST 1.6% Vf o f (Fig. 9.10). Mixture 
proportions, fresh properties, and modified large L-box test results are presented in Table 9.1.
Given the high workability o f  the fibrous mixtures and the sufficient height o f vertical 
compartment which can provide enough moment o f inertia, the horizontal part o f  the modified 
large L-box was easily filled completely under the own weight o f the investigated mixtures. 
Such casting operation was exploited to the case o f the repair concrete/mortar using an O- 
funnel as described in Section 9.9.4.
This test results provided a good indication on the following:
static stability which varies with different levels o f  segregation and bleeding at the 
substrate-repair interface, represented by the top face o f  the horizontal part o f  the large 
L-box;
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- dynamic stability through horizontal and vertical direction;
- filling capacity; and
- passing ability (blocking ratio (h2/hj)) o f the investigated mixtures.
From the simulation results using the modified L-box, the investigated fibrous mixtures do not 
present any risk o f  blockage. However, there are several issues to be discussed: Does this test 
really allow predicting the casting characteristics o f  the repair mixtures during placement in 
the actual beams? Does the success in the simulation definitively indicate that o f  the repair 
application on the full-scale beams? Therefore, the risk o f blockage o f repair mixtures during 
the repair application on the full scale is still to be proven.
Table 9.2 presents the main characteristics o f actual beam and modified large L-box setups. 
Given the large difference in the flow rate in the repaired zone (8 times higher rate in the 
actual beam repair compared to that in the modified large L-box), there is a great chance o f 
success for actual repair work. The successful repair was really observed with the tested 
beams using the O-funnel setup to ensure high flow rate.
If
/
Fig. 9.7 Modified large L-box setup for repair-casting simulation
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Table 9.1 Mixture proportions, fresh properties, and modified L-box test results o f mixtures
used for simulation
Mixtures ST-PP 0.75% ST 0.75% SCM ST 1.6%
Vf L f / d f 36 41 87
Content
(kg/m3)
Fiber 56 59 110
Water 200 200 280
Cement 475 475 665
Sand 770 780 1135
CA 740 720 0
Dosage
(L/m3)
HRWRA 5.8 3.1 3.5
VMA 0.1 0.1 0.2
AEA 0.02 0.02 0.03
Slump flow d (mm) 560 650 680
T50(s) 4.0 3.5 3.6
VSI 1 0.5 1
Modified
J-Ring
d' (mm) 500 620 650
Ah (mm) 18 10 10
d-d’ (mm) 60 30 30
Density (kg/m3) 2175 2208 2139
Air (%) 7.9 8.5 7.9
V-Funnel (s) 3 3 2
Modified
L-box
h2/h, 0.6 0.76 0.9
T?o (s) 1.0 1.0 0.7
Filling capacity (%) 54 80 59
Surface settlement (%) 0.44 0.41 0.21
Modified
Large
L-box
Filling capacity (%) 100 100 100
h2/h, 1 1 1
Horizontal segregation No No No
Vertical segregation No No No
Blockage No No No
Fig. 9.10 FR-SCM (ST 1.6 %) in the large L-box
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Table 9.2 Difference between the simulated casting and actual beam characteristics
Characteristics Actual beam Large modified L-box
Length o f  concrete flow (mm) 3200 1500
Form work surface Rough Smooth
Volume to be filled (L) [(125x250x3200) + 
(4 x275xttx752)]/106 = 
119
[125x200xl500]/10b = 
38
Estimated Flow rate (L/s) 3.2 0.4
Opening size o f  casting point (mm2) Ttx752 = 17,671 100x200 = 20,000
Repair cross-section (mm2) 100x200 = 31,250 125x200 = 25,000
9.7 General preparation of beams
After the assembling o f  the reinforcement cage, strain gauges were glued to the middle o f the 
longitudinal 20M bars (mid-span o f  the beams) using Catalyst-C, M-Bond 200 adhesive, and 
M-Coat B o f Vishay Micro-Measurements. Electrical resistance strain gauges (characteristics 
in Table 9.3) were attached to the reinforcing bars and concrete surface (details in Section 
9.10).
Table 9.3 Characteristics o f  strain gauges used for steel reinforcement and concrete
Type Resistance
(O)
Gage factor Length
(mm)
M anu­
facturer
Use
KFG-6-120-C1-11L3M3R 120.4 + 0.4 2.110 + 0.1% 6 Kyowa Steel
C2 A-06-250LW -120 120.0 + 0.6 2.075 ± 0.5% 6 Vishay Steel
KC-70-120-A1-11 120.2 + 0.2 2 .100+ 1 .0% 70 Kyowa Concrete
KC-70-120-A1-11 119.8 + 0.2 2 .120+ 1 .0% 70 Kyowa Concrete
KC-70-120-A1-11L3M3R 120 .0+ 1 .0 2 .100+ 1 .0% 70 Kyowa Concrete
C2A-06-20CLW -120 120.0 + 0.6 2.085 ± 0.5% 60 Vishay Concrete
Both steel and concrete strain gauges were protected by a two-compound epoxy, commercially 
known as “Lepage-12, 5 minute Epoxy”, and then covered by a waterproof coating to protect 
them from water and damage during casting operation. The strain gauges were carefully 
treated during manipulation and transportation. Verification o f the strain gauges was done 
using the strain gauge reader apparatus shown in Fig. 9.11.
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Both monolithic and repair beams were cast in a wooden and laterally transparent formwork, 
which was designed in such a way that three beams can be cast at the same time (Fig. 9.12). 
The form was made o f  25-mm thick plywood and was reused for the entire casting program. It 
is worthy to note that the two lateral Plexiglas sides have enough strength to resist concrete 
pressure and were used basically to monitor probable segregation at the substrate-to-repair 
interface and eventual blockage across the narrow sections or behind reinforcing bars in the 
repair zone. Three holes (one hole for each beam) were made at the bottom o f this formwork, 
to attach two Q-shaped supports for each repair beam. These supports were used to handle the 
monolithic beams and turn over the inverted repair beams to their initial position.
The inside o f  the formwork was cleaned, painted (if necessary) and lubricated before any 
casting to provide the ease o f form removal, and the comers o f the internal formwork were 
well sealed with silicone and plastic wood prior to every casting. The reinforcement cage was 
placed on small cubic wooden chairs (30 mm) to maintain the cover requirement. The beam 
casting was carried out immediately after the completion o f characterization tests, i.e. at 10 to 
20 min between water-to-binder contact. This is mainly to minimize loss in workability over 
time. It is worthwhile to note that no set-retarding agent was used for the investigated mixtures. 
Cylinders and prisms for mechanical properties and durability were sampled at the same time 
from the same batch (Table 9.4).
Fig. 9.11 P-3500 portable strain indicator
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Fig. 9.12 Laterally transparent formwork and holes at bottom for supports
Table 9.4 Number o f  specimens sampled with each beam-mixture type
Mechanical property Age (d)
7 28 56 91 180' 390
f c (ASTM C 39) 3 3 3 3 3
f ’sp (ASTM C 496) 3 3
Ec (ASTM C 469) 2 2
f r (ASTM C 78) 2 2
Cores for f c (ASTM C 42 and ASTM C 39) 4
RCP (ASTM C 1202) 2
MIP 2
Shrinkage (ASTM C 157) Up to 390 d 2
* Age o f  flexural tests on beams
9.8 Preparation of monolithic beams
9.8.1 Casting and sampling
For CVC and FR-CVC mixtures, monolithic beams were cast in two layers and were 
internally vibrated using a poker vibrator. On the other side, for SCC and FR-SCC monolithic 
beams, the casting operation was done without mechanical consolidation at a constant casting 
rate from the one end (A) to flow along the length o f  the beam until the other end (B) (Figs 9.6 
and 9.13).
In the case o f the FR-SWC mixtures, approximately one third o f  the mechanical consolidation 
energy applied on the CVC and FR-CVC mixtures was applied for each layer o f  casting. The 
barrel was lowered near the formwork to minimize the height o f  casting and thus to reduce 
segregation and loss o f entrained-air bubbles. Due to the height (400 mm) and length (3200) o f
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the beams, filling capacity o f  100% could not be achieved for some FR-SCC mixtures (around 
98%). The upper surface o f these beams was not completely uniform. Thus, a secondary 
casting o f  a few liters o f concrete was necessary at the other end (B) o f the beam. For the unit 
weight, air volume, slump flow, and J-Ring tests, concrete was poured in one layer and 
consolidated by 10 internal strikes using a 16 mm steel rod. Cylinder and prisms were sampled 
according to the mechanical consolidation method described in Table 5.10.
Fig. 9.13 Casting o f  monolithic beams o f SCC and FR-SCC mixtures
9.8.2 Demolding and curing
A) Beams
All cast beams were cured in the laboratory condition at ambient temperature o f  20 ± 2 °C. 
After the completion o f casting, the upper surface o f concrete beams was covered with plastic 
sheet. At 24 hrs o f age, only the lateral sides o f formwork were removed and the beams were 
wet in place and covered with wet burlap and plastic sheeting (or tarpaulin) for 14 d (Fig. 
9.14). The beams were not removed from the formwork before achieving sufficient 
mechanical strength (around 50% of 28-d strength at 7 d). This is done to mainly prevent any 
micro-cracking that could appear at the tensioned zone during form removal. After 14 d o f 
moist curing, the beams were exposed to air-drying in laboratory conditions (Fig. 9.15) until 
the age o f flexural loading test (an average age o f  180 d).
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Fig. 9.14 Curing under wet burlap covered by Fig. 9.15 Air-drying in the laboratory 
tarpaulin (or plastic sheeting) for 14 d
B) Cylinders
The sampled cylinders were kept in their molds and covered with plastic sheets and then, 
stored in the laboratory conditions (normal temperature and humidity) during 24 hrs after 
casting according to ASTM C 192. After demolding at 24 hrs, these samples underwent the 
same laboratory conditions as their beams until the age o f testing.
C) Prisms
The curing methods for prism specimens designated for drying shrinkage and f r test methods 
and prepared from the beam s’ mixtures are described in Section 5.6.2.
9.9 Preparation of repaired beams
9.9.1 Preliminary preparations
The repair beams were designed so that the load points and the supports do not fall through the 
holes used for casting and air evacuation (Fig. 9.16). Four holes were placed vertically at 
equidistance o f 900 mm between the longitudinal 10M bars and the stirrups (Fig. 9.17). One 
external hole was used for the repair casting and the other three holes for air evacuation during 
the casting.
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Fig. 9.16 Position o f holes, supports, and load points
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Fig. 9.17 Schematic o f  composite beam specimen
The tensioned steel reinforcement o f  20M bars and a portion o f stirrups o f the repaired zone 
(height o f 85 mm) were temporarily covered with adhesive duct tape (Fig. 9.18). This was 
done to prevent any contact between this reinforcement and the substrate concrete which may 
weaken the reinforcement-to-repair material bond. The wooden chairs were fixed in the 10M 
steel bars that were in temporarily in the bottom o f the formwork. Flexible and low-stiff PVC 
holes measuring 150 mm in diameter and 300 mm in length, made basically as cylinder molds 
were used as holes for repair casting and air evacuation during the casting. These cylinder 
molds were placed into the reinforcement cage, which were inverted into the formwork (Fig. 
9.19).
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Fig. 9.18 Covering all reinforcement o f  the Fig. 9.19 Placing o f the PVC holes in the 
repaired zone with adhesive duct tape inverted reinforcement
To prevent the flexible PVC molds from any deformation due to the lateral pressure applied 
by the substrate and its consolidation procedure, two wooden rods were placed transversely 
inside the mold at the mid-height o f the molds (Figs 9.20 and 9.21). To prevent any leakage o f 
the substrate o f CVC into the holes, and to facilitate demolding, the holes were closed 
temporarily with adhesive duct tape (Fig. 9.22). To prevent these molds from any horizontal or 
vertical movement, another wooden rod was placed between the mold summit and the two 
longitudinal 20M bars (Fig. 9.22). After the installation o f the reinforcement cage in the 
formwork, the inverted fl-shaped steel supports were placed in the holes (Fig. 9.12) and fixed 
to the reinforcement (Fig. 9.23) with steel wires to prevent them from dragging out under the 
formwork during casting. The support holes were well closed with plastic wood (sealer) before 
casting to prevent leakage o f concrete outside o f  the mold.
Fig. 9.20 Intermediary hole Fig. 9.21 Edge hole
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Fig. 9.22 Closure o f holes Fig. 9.23 Fixation o f supports
9.9.2 Casting of substrate
The monolithic beams were cast in one layer into the inverted position (top at the bottom and 
vice versa) with CVC as substrate material, except for the bottom section o f 125 mm to be 
repaired. This thickness represents the repaired area in the tension zone along the total length 
o f the beam. The substrate was then compacted (Fig. 9.24) and surfaced to have a height o f 
275 mm.
Fig. 9.24 Substrate casting (o f the 2/3 upper beam height) in inverted position 
9.9.3 Intermediary preparations, demolding, and curing of substrate
To ensure adequate bond and interlocking between the existing and new concrete and to 
simulate the surface preparation o f  the old concrete, the surface o f  the latter was simply
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sprayed with surface set retardant liquid (commercially known as Rugasol-S) as soon as the 
substrate (CVC) was cast (Fig. 9.25).
After the surface treatment, the substrate and corresponding sampled specimens underwent the 
same curing conditions as in the case o f  monolithic beams. After the removal o f lateral sides 
o f  the formwork at 24 hrs, the concrete surface (representing interface between the existing 
and new concretes) was cleaned by removing the retarded surface mortar using a water flush 
to roughen the surface by exposing coarse aggregate and thus enhance bond to the repair 
concrete (Figs 9.26 to 9.28). The adhesive duct tape was removed right after the surface 
preparation (Fig. 9.28).
After six days o f moist curing in the laboratory (under wet burlap protected by plastic sheet or 
tarpaulin), the partially cast beams were lifted to remove the PVC molds (Figs 9.29 and 9.30). 
The internal surfaces o f  holes were mechanically roughened, using a hammer and a sharp rod, 
to ensure maximum bond between the substrate and repair mixtures (Fig. 9.31). The wet 
curing (as shown in Fig. 9.32) continued for additional seven days, i.e. until the age o f  the 
repair. One day before repair, the interface was completely wetted and corrosion on the 
reinforcement was removed and other wooden chairs were fixed to the 20M steel bars.
Fig. 9.25 Spraying the substrate with a set Fig. 9.26 Application o f  water-flash on the 
retardant liquid substrate surface
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Fig. 9.27 Before and after cleaning Fig. 9.28 Interface cleaned and duct tape removed
w «  \
Fig. 9.29 Lifting o f inverted and partially cast beam
Fig. 9.30 Removal o f the PVC molds Fig. 9.31 Mechanically roughened hole
9.9.4 Casting of repair
The repair section was cast with the optimized repair mixtures using a 35-liter capacity O- 
funnel (Figs 9.32 and 9.33). Given the factors that hinder the flow o f repair materials, such as 
roughness o f the interface, internal friction due to the fibers in use, tri-directional reinforcing
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bars, and thickness o f  the repair layer, the following techniques were applied to increase the 
initial velocity by the gravity o f the repair material:
Make a 100-mm crag below the O-funnel;
- Close the funnel gate (trap) until the complete filling o f the O-funnel;
- Once the trap was opened, maintain the level o f repair materials in the O-funnel to 
maximum capacity to ensure continuous.
Indeed, when the trap was opened, fresh mixture flowed down through the first hole 
horizontally into the repaired zone, filled into the repair section, and then, flew out o f the other 
three holes measuring 400 mm o f height (Figs 9.34 and 9.35). These holes were filled 
completely and closed successively. For the complete filling o f these holes, a sufficiently 
heavy object was placed on the top o f  each hole to resist the upward concrete pressure and 
ensure continuous flow through the repaired section.
140 
<< ►
Fig. 9.32 O-funnel used for repair casting Fig. 9.33 Dimensions o f O-funnel
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Holes 
140 mm diameter
Normal'
Repaired zone
Fig. 9.34 Casting o f the repaired zone
Fig. 9.35 Monitoring o f the flow o f repair materials in the repaired section through the
Plexiglas on the formwork
9.9.5 Demolding and curing of repaired beams
After demolding, the repair beams and the corresponding sampled specimens (cylinders and 
prisms) underwent the same curing conditions and procedures as those for monolithic beams. 
It must be kept in mind that the beams must be handled carefully to prevent any damage or 
cracking, especially for the tensioned zone (the repaired section) which is main concern o f this 
study (Fig. 9.36).
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Fig. 9.36 Handling o f repaired beam with great caution 
9.10 Loading and strain-control systems
A loading system with hydraulic jacks and a load cell o f  500 kN (maximum capacity) closed- 
loop MTS actuator was used to test beams under four-point bending, as shown in Fig. 9.37. 
The actuator was supported by a steel frame and the load was transferred from the actuator to 
the tested beam through a steel spreader I-beam applied on the full width o f the beam. A roller 
support was obtained by placement a steel cylinder between two steel flat plates. A pin support 
was obtained by using specially adapted steel I-beam. The upper plate o f  the I-beam had a 
spherical groove and the plate was supported on the web plate which had a spherical end to 
house the plate and allow rotation. At each end o f the tested beam, the roller and pin support 
were rested on steel I-beam, which was secured on the rigid floor o f  the lab. The different 
components o f the test setup are shown in Fig. 9.37. The loading system was similar to that 
used by EL-SAYED [2006] and was slightly modified for the testing o f  this study.
An automatic data acquisition system wired to a computer (Figs 9.38 and 9.39) was used to 
read and record electronically the loads as a function o f different strains (deflection, crack 
width, strains o f compressive concrete and tension steel reinforcement, and disband o f 
substrate-repair material interface). The beams were monolithically loaded at a controlled 
displacement o f  0.02 mm/s up to the failure. The applied load was measured by the internal 
load cell on the actuator and the beams were instrumented with linear variable displacement 
transducers (LVDT) and strain gauges for steel reinforcement and concrete as mentioned in 
Table 9.3 and shown in Fig. 9.40. The LVDT and strain gauges were fixed as follows:
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Giredr o f the steel frame •
supporting the actuator
©
eE
©
Roller
support
Spreader beam-
T
Actuator-
y  r ....
Pin support
_ J 0 0 _ _________ 1050__________________ 500  1050 300
 _____    3200 mm____________________________________
Fig. 9.37 Setup scheme o f the flexural test [EL-SAYED, 2006, with some modifications]
Fig. 9.38 MTS 5000 data acquisition system Fig. 9.39 Recording o f  data during
loading
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2 too strain gauges for concrete , 
2 lateral strain gauges for concrete.
2 strain gauges for reinforcement
Fig. 9.40 Loading and strain-control systems (dimensions in mm)
- 2 LVDTs at mid-span and at each side o f the beam to monitor the maximum deflection (Figs
9.40 and 9.41);
- 2 high-accuracy LVDTs (± 0.001 mm) to control the crack width o f  the 2 first (supposed 
major) cracks at mid-span o f the beam (Figs 9.40 to 9.42);
- 2 LVDTs at each quarter-span to control the deflection profile along the beam (for quality 
control) as shown in Figs 9.40 and 9.42;
- 1 small LVDT to control a possible de-bond between the repair material and the substrate at 
beam mid-span (Fig. 9.43);
- 2 electrical strain gauges glued to the longitudinal reinforcing 20M bars at mid-span to 
measure the tensile strains (Fig. 9.40 and Table 9.3);
- 2 electrical concrete strain gauges glued to the top surface o f  the beam at mid-span to 
measure the concrete compressive strains (Figs 9.40 and 9.44, and Table 9.3);
- 2 electrical concrete strain gauges glued to different depths o f the beam at mid-span (Figs
9.40  and 9.45, and Table 9.3) for quality control (strain distribution along the depth o f the 
beam);
Before flexural loading, one side o f each beam received a coat o f whitewash to facilitate the 
observation o f  the first micro-cracks and cracks during the testing. The loading was stopped 
when the first two cracks appeared. The first crack appearance was monitored manually as
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shown in Fig. 9.46. At this stage, the loading system was stopped instantly to attach two high 
accuracy LVDTs for crack width development o f the major cracks. The initial width o f  the 
major crack was measured using a hand-held 50x microscope (Fig. 9.47). The corresponding 
load, known as first crack load, was determined visually and also on load-deflection and load- 
strain curves o f  longitudinal steel bars provided by the data acquisition system. The load-strain 
response curve o f longitudinal steel bars provides more precision and is closer to the actual 
value o f the first crack load.
The visual observation o f  crack development was followed up throughout the loading 
operation. The crack network distribution on the painted side o f the beams was marked (Fig. 
9.48) and was transcribed again on a small-size graph using the AutoCAD software.
Fig. 9.41 One LVDT at mid-span and two Fig. 9.42 Small LVDT for monitoring o f 
small LVDT for major cracks major crack
Fig. 9.43 Two LVDT for quality control and one small LVDT for bond control
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C2 3  - /
Strain gauges for concrete
Fig. 9.44 Strain gauges on upper surface o f beam mid-span
Strain gauges for concrete
Fig. 9.45 Strain gauges o f  lateral side o f  beam mid-span
Fig. 9.46 Monitoring o f  first crack Fig. 9.47 Hand microscope for micro-crack 
appearance measurement
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Fig. 9.48 Monitoring o f  crack network 
9.11 Cores for in-situ compressive strength
After the completion o f  the flexural testing, cylindrical cores measuring 100x400 mm (Figs
9.16 9.17, and 9.49 to 9.51) were taken from the uncracked zone outside the beam supports. 
The taken cores cover total height o f  the beam (from the top to the bottom o f the beam) for 
both monolithic and repair beams, as presented in Figs 9.49 to 9.51. For the monolithic beams, 
an average value o f  four cored cylinders was considered. For each end o f the repair beams 
shown in Fig. 9.49, one external core fell to the substrate mixture (CVC), and one internal core 
fell to the hole used for casting or air evacuation (core 100% from the repair material) as 
shown earlier in Fig. 9.16. This was intended to evaluate the distribution o f in-place 
compressive strength between the two ends (A and B) o f the beams. Afterward, the cores were 
cut and their ends were capped to the required length (200 mm) for the compressive strength 
testing. The prepared cores were generally tested 1-2 d after the flexural test on the beams 
(average age o f 180 d). Both o f standard cylinders and cores were loaded in compression 
parallel to the casting direction.
Core 95x190 mm 
Point A
1
Core 95x190 mm 
Point B
1
Casting direction 
 ►
Fig. 9.49 Sampling location on the beams
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Fig. 9.50 Cored beam Fig. 9.51 Core for compression
9.12 Rapid chloride-ion permeability
The rapid chloride-ion permeability (RCP) test was conducted in this study because the 
permeability is one o f the major concerns for the repair materials o f concrete infrastructures 
which are normally in contact with de-icing salt during their service life. The RCP test was 
performed in compliance with ASTM C 1202 at 56 d o f age, as mentioned previously in Table
9.4 on the 100><200-mm cylinders sampled at the time o f beam casting from the same mixtures 
used for the beams. The samples for the RCP test were cured under the same conditions as the 
investigated beams in the laboratory. Table 9.5 shows the ASTM C 1202 classification for 
RCP, according to the passed electrical charge across the concrete specimen.
Table 9.5 RCP rating [ASTM C 1202]
Charge passed (Coulomb) RCPT
> 4000 High
2 0 0 0 -4 0 0 0 Moderate
1 0 0 0 -2 0 0 0 Low
1 0 0 -  1000 Very low
< 100 Negligible
9.13 Mercury-intrusion porosimetry
The mercury-intrusion porosimetry (MIP) test was carried out at 56 d o f age as indicated in 
Table 9.5 to determine the pore volume and pore-size distributions for the mixtures used for 
the repair. Samples measuring 19 mm in diameter obtained from 100*200 mm cylinders were 
immersed in acetone for 6 hrs, then oven-dried at 105°C until they reach constant mass to 
ensure complete drying. The MIP apparatus permits the intrusion o f pores with apparent pore 
diameters ranging between approximately 10 nm and 105 nm. Pressure o f  the mercury- 
intrusion porosimeter ranges from 0 to 200 MPa. A surface tension o f  485 dyne/cm and a
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contact angle o f  130° were used in the Washburn equation to convert applied pressure to pore 
diameter [HWANG, 2006]. Cylinders o f  the sampled specimens for the MIP test method were 
cured under the same conditions as the investigated beams in the laboratory.
9.14 Drying shrinkage
For each mixture, prisms measuring 75x75x285 mm were prepared to determine drying 
shrinkage according to ASTM C 157 up to 390 d. A calibration metallic rod and a digital-type 
extensometer with ± 0.003 mm accuracy were used to determine drying shrinkage (Fig. 9.52).
Fig. 9.52 Test setup for shrinkage measurement
9.16 Test results and discussion
Mixture compositions o f concretes used for the casting o f the monolithic and repair beams are 
presented in Table 9.6.
9.16.1 Fresh properties of concrete mixtures used for casting and repairing beams
As presented in Table 9.7, the self-consolidating repair mixtures were designed to secure 
initial slump flow o f 700 ± 20 mm at 10 to 20 min. Such slump flow value was chosen based 
on the work o f HWANG et al. [2006], which proposed slump flow range o f  620 to 720 mm for 
SCC that can be used in structural applications and repair o f  concrete infrastructures. The loss 
in slump flow at 40 min was lower than 70 .mm without any set retarding admixture. The 
HRWRA demand needed to obtain the target slump flow is given in Table 9.6.
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Table 9.6 Mixture proportions o f concretes used for casting monolithic beams and repair
sections
Mixture
Content (kg/m3) Dosage (L/m3)
Fi
be
r
W
at
er
C
em
en
t
Sa
nd <
u H
R
W
R
A
V
M
A
A
E
A
CV C 1 0 0 175 350 660 10703 — — 0 .2 0
CVC MU-S 0.5% 4 37 4.6 175 350 740 985 — — 0 .2 0
CVC ST 0.5% 4 27 39.3 175 350 710 1015 — — 0 .2 0
SCC 0 0 2 0 0 475 780 790 3.5 0.13 0.03
MO-S 0.3% 27 2 .8 2 0 0 475 860 705 3.8 0.13 0.03
MO-S 0.5% 46 4.6 2 0 0 475 885 675 4.5 0.13 0.03
MU-S 0.3% 4 2 2 2 .8 2 0 0 475 815 750 6 .8 0.13 0.53
MU-S 0.5% 4 37 4.6 2 0 0 475 845 715 7.5 0.13 0.30
SWC MU-S 0.5% 4 37 4.6 2 0 0 475 845 715 7.0 0.13 0.30
ST-PP 0.3% 14 21.7 2 0 0 475 795 770 4.1 0.13 0.03
ST-PP 0.5% 24 36.2 2 0 0 475 800 755 4.7 0.13 0.03
ST 0.3% 16 23.6 2 0 0 475 800 765 3.7 0.13 0.03
ST 0.5% 27 39.3 2 0 0 475 815 745 4.2 0.13 0.03
SWC ST 0.5% 4 27 39.3 2 0 0 475 815 745 4.0 0.13 0.30
SCM ST 1.4% 76 109.9 280 6 6 6 1135 — 4.7 0.13 0.03
1 C V C  used fo r casting  o f  the reference m ono lith ic  beam s, and  used as a  substrate  concrete  in the repair beam s 
“ C SA  T ype G U  cem ent
3 20 m m  M SA  type4
M ixtures m ade w ith  o ther com m ercial adm ix tures: P N S -based  H R W R A  instead o f  P C -based  H R W R A  for the 
rest o f  m ixtures, o ther V M A  type, and  o ther A EA  type
The increase o f  Vj from 0.3% to 0.5% resulted in an increase in HRWRA demand by 
approximately 10% to 18%, 10% to 13%, and 10% to 12% for mixtures made with 
polypropylene, hybrid, and steel fibers, respectively. The T 50 values, which provide an 
indication o f the relative viscosity o f SCC [KHAYAT et al., 2004], increased with the increase 
in Vf. The measured T50 at 10 min after the binder-water contact, however, were less than 3 s 
for all the mixtures. In addition, all o f  the optimized repair mixtures had VSIs o f 0 and 0.5, 
and surface settlement values lower than 0.5%, which indicates adequate static stability 
[KHAYAT, 1999]. All o f the tested mixtures had the same dosage o f  AEA and had fresh air
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volumes o f approximately 6% to 9%. In general, the air volume increased slightly with the 
increase in V/ which could be due to an increase in HRWRA demand.
The optimized SCC mixtures had excellent passing abilities with L-box blocking ratios o f 0.8 
to 1.0, as presented in Table 9.7. Mixtures prepared with MU-S fibers had the lowest L-box 
blocking ratios o f 0.8 due to their length (L f o f 50 mm). The V-funnel test results, however, 
indicated excellent deformability without blockage with V-funnel flow times ranging between 
approximately 2 and 5 s. The J-Ring spread (d’) decreased with the increase in V/, yet the J- 
Ring spread was still greater than 675 mm, except for mixtures containing MU-S fibers (630 
to 650 mm). The blocking assessment ( d - d ’) was lower than 20 mm which is considered to 
be “no visible blocking” by ASTM C 1621, except for mixtures with MU-S fibers as in the 
case o f  the J-Ring spread. The MU-S mixtures exhibited noticeable blocking assessment o f 40 
to 50 mm. Similarly, the filling capacity decreased with the increase in the V/. However, all 
repair mixtures developed excellent filling capacities ranging between 85% and 100% with 
lowest values obtained for MU-S fibers mixtures. All the investigated mixtures had an 
excellent static stability with maximum surface settlement values limited to 0.37%.
During casting o f  the composite (repaired) beams, all o f the optimized self-consolidating 
mixtures were able to flow horizontally along the total length o f the beam (3200 mm) without 
any blockage, except for the mixture with MU-S at 0.3% and 0.5% V/. The 0.3% MU-S 
mixture required casting from all the holes in the beam instead o f one hole at the left end. The 
0.5% MU-S mixture necessitated low level o f consolidation from all the four holes in the 
beam. It is important to note that, after stripping the formwork, the beams did not exhibit any 
surface voids or areas o f poor consolidation.
As in the case o f  the FR-SCC mixtures, the mix-design proportioning o f the FR-CVC mixtures 
(CVC MU-S 0.5% and CVC ST 0.5%) was based on maintaining constant the mortar layer 
covering fibers and coarse aggregate as in the reference CVC mixture without fibers. This 
method led to the similar range o f deformability referred to the control CVC mixture, i.e., the 
slump values were maintained at around 108 mm. These mixtures were prepared to compare 
their structural performance to that o f  the FR-SCC mixtures.
The FR-SWC mixtures having the same mixture compositions o f the FR-SCC mixtures, with 
reduction o f HRWRA dosage o f 5% to 7%, had slump flow values ranging between 450 mm
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and 520 mm. These mixtures, which can be used for the infrastructure construction, were 
prepared to compare to the FR-SCC mixtures in terms o f structural performance. As in the 
case o f  FR-SCC mixtures, the use o f  FR-SWC allowed to cast entire section o f  the beam 
element without any lift layer (one-layer casting). As mentioned in Section 9.9.1, casting o f 
the monolithic beams using these mixtures required certain level o f mechanical consolidation, 
which was approximately one third o f mechanical consolidation that was applied for the case 
o f CVC/FR-CVC mixtures.
9.16.2 Mechanical properties of concrete mixtures used for casting and repairing beams
A) Compressive strength
The f ’c results up to 180 d are summarized in Table 9.8. The 28-d f ' c o f the self-consolidating 
mixtures used for casting both monolithic and repair beams varied between 41 and 56.4 MPa, 
which generally achieved the target range o f  40 to 50 MPa. All o f  the FR-SCC mixtures 
generally developed similar compressive strength, regardless o f the fiber type and volume. 
The use o f fibers led to up to 10% decrease in the f ’c, regardless o f Vf as presented in Fig. C.l 
(mean value for each fiber type for both ages o f  28 and 180 d).
The SCM made with steel fiber ST at 1.4% Vf and without coarse aggregate led to a decrease 
o f 5% in f 'c  compared to the reference SCC (Fig. C .l in Appendix C). This mixture had the 
same w /cm  as the control SCC mixture but had higher cement content (666 kg/m3 instead o f 
475 kg/m3) which compensated the absence o f  coarse aggregate.
The two FR-SWC mixtures (SWC MU-S 0.5% and SWC ST 0.5%) exhibited 4% and 14% 
higher f ’c values at 28 d compared to those o f the two corresponding FR-SCC mixtures (MU-S 
0.5% and ST 0.5%), respectively. These values were 12% and 6 %  at 180 d, respectively (Fig. 
C.2, Appendix C).
In the case o f CVC mixtures, despite the reduction in coarse aggregate content, the FR-CVC 
mixtures (CVC MU-S 0.5% and CVC ST 0.5%) developed similar f ’c compared to those o f  the 
reference CVC (-8% to 8% at 180 d), regardless o f  the fiber type.
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Table 9.7 Fresh test results o f mixtures used for casting o f beams
\  Test methods 
Mixture \ 3*
Fresh state test results
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CVC2 0 10 108 2287 7
CVC MU-S 0.5%3 37 10 n o 4 2176 9
CVC ST 0.5%3 27 10 1064 2300 5
SCC 0 10 720 0.6 0 715 10 5 2225 5.9 2.7 0.99 0.7 100 0.23
40 690 1.1 0 680 15 10 2316 5.8 3.1 0.95 0.7 95 —
MO-S 0.3% 27 10 710 1.4 0 700 11 10 2110 8.9 3.0 1 0.8 97 —
MO-S 0.5% 46 10 700 1.6 0.5 680 10 20 2201 9 4.1 0.91 1.4 93 0.37
40 630 3.1 1 600 12 30 2215 7.8 6.0 0.71 2.0 70 —
MU-S 0.3%J 22 10 690 2.3 0 650 15 40 2226 8.4 3.4 0.8 1.1 95 —
MU-S 0.5%3 37 10 680 3.0 0.5 630 10 40 2260 5 4.0 0.8 1.5 85 - -
SWC MU-S 0.5%J 37 10 450 4.0s 0 400 30 50 2303 5.3 — 0.13 7.9 — —
ST-PP 0.3% 14 10 705 1.5 0 700 5 9 2118 6.3 3.0 0.96 0.7 97 —
ST-PP 0.5% 24 10 700 1.7 0.5 675 8 25 2222 6.6 4.8 0.90 1.6 90 0.37
ST 0.3% 16 10 715 1.2 0 708 10 7 2121 6.8 3.0 0.98 0.7 97 —
40 675 1.9 1 660 11 15 2134 6.3 3.3 0.88 0.8 90 —
ST 0.5% 27 10 705 1.3 0 687 9 18 2235 7 3.6 0.92 0.9 95 0.27
40 650 2.7 1 615 13 35 2267 6.4 4.6 0.75 1.0 88 —
SWC ST 0.5%J 27 10 520 2.65 0 480 45 40 2297 5 — 0.5 1.1 — —
SCM ST 1.4% 77 10 720 0.6 0 716 10 4 2694 9 1.8 0.98 0.5 96 0.21
40 660 1.0 1 650 10 10 2708 8.5 2.4 0.96 0.6 90 —
M odified  ca lcu lation  o f  d ifference  in heigh t [K H A Y A T  et al., 2013]
2 C V C  used fo r casting  o f  the reference m onolith ic  beam s, and the substrate  concrete  in the rep a ir beam s
3 M ixtures m ade w ith o th er com m ercia l adm ix tures: PN S -based  H R W R A  instead  o f  PC -based  H R W R A  fo r the 
rest o f  m ixtures, o ther V M A  type, and  o th er A EA  type
4 S lum p value
5 T40 ( s )  fo r FR -SW C  m ixtures
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Table 9.8 M echanical properties o f  various mixtures used for casting m onolithic and repair beam  elem ents
'"'"'''s. Property
<D
f c  cylinder
(MPa)
f c core A / 
f 'c  cylinder
f c core B / 
f 'c cylinder
J
(M
sp
IPa)
E c
(GPa)
j
(M
fr
Pa)
Mixture t y p e \ . C/2D 7-d 28-d 56-d 91-d 180-d 180-d 56-d 180-d 56-d 180-d 56-d 180-d
CVC M-B 26 33 35.9 36.4 37.8 0.8 0.8 3.4 3.5 27 27.5 4.8 4.9
CVC 2 M-B 26 33 35.9 36.4 37.8 0.81 0.77 3.4 3.5 27 27.5 4.8 4.9
CVC MU-S 0.5% M-B 23 32.8 34.9 35.7 36.1 1 1 3.7 4.3 28.3 29 5.5 5.8
CVC ST 0.5% M-B 27 35.5 36.4 37.4 42.5 1.21 1.22 4.6 5.7 32 32.7 5.3 5.4
SCC M-B 38 49.8 54.4 55.2 56.3 0.8 0.75 4.4 4.8 30 30 7.5 7.7
s e e 2 M-B 41 — — — 61.5 0.97 0.97 — 5.7 — 31 — —
SCC S 25 33.2 34.8 35.1 36.4 — — 3.8 3.9 29 29.5 — —
R 38 49.6 55.1 55.5 57 1 0.94 4.5 4.6 30.5 31.1 — —
s e e 2 S — — 37.5 — 45.4 0.88 0.99 3.8 4.9 32.6 34 — —
R 39 — — — 61.4 0.99 0.97 — 5.7 — 32 — —
SCC3 J S 25 33.2 34.8 35.1 36.4 — — 3.8 3.9 29 29.5 — —
R 38 49.6 55.1 55.5 57 1.02 1.01 4.5 • 4.6 33 34.5 — —
MO-S 0.3% S — — — — 36.1 0.93 0.84 — 3.4 — 28.5 — —
R 36 50 54.2 55.1 56.9 0.97 0.91 5.2 5.6 28 28.6 8.2 8.6
MO-S 0.5% M-B 37 51.1 55.1 55.1 55.4 0.81 0.77 5.3 5.6 26 28 7.7 7.8
MO-S 0.5% S 25 33.2 34.8 35.1 36.4 — — 3.8 3.9 29 29.5 — —
R 40 56.4 60.8 60.8 61.1 1.01 0.89 5.3 5.7 26 28 — —
MU-S 0.3% S 25 — — — 39.1 1.2 1.18 — 4.2 — 32.7 — —
R 32 41 41.2 42.1 42.9 1.01 1.1 5 5.5 30.8 36 8.5 8.8
MU-S 0.3% 1 S 28 — — — 45.8 0.98 1.12 — 4.5 — 35.4 -- —
R 32 — — — 50.2 0.84 0.82 — 5.3 — 29.2 — 7.9
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Table 9.8 (cont’d) M echanical properties o f  various mixtures used for casting beam  elem ents
'"''•■v. Property 
Mixture Us
e 
1 f c cylinder(MPa)
f  c core A /  
f  c cylinder
f  c core B /  
f  c cylinder
./
(IV
sp
IPa)
E c
(GPa) (IV
fr
[Pa)
7-d 28-d 56-d 91-d 180-d 18 0-d 56-d 180-d 56-d 180-d 56-d 180-d
SWC MU-S 0.5% M-B 42 48.5 50 57.3 67.9 0.96 0.96 5.8 7.3 32.3 34 8.5 9.4
MU-S 0.5% M-B 38 43.2 49.7 59.8 61.1 0.97 0.97 5.5 6.4 31 32 7.8 8
MU-S 0.5% S — — 37.5 — 45.4 0.88 — 3.8 4.9 32.6 33.5 — —
R 38 48.5 58.3 58.7 60.6 0.78 0.96 5.6 6.8 29.8 32 8.2 10.1
MU-S 0.5% 2 S — — 37.5 — 45.4 0.84 0.95 3.8 4.9 32.6 33.5 — —
R 38 48.5 58.3 58.7 60.6 0.78 0.96 5.6 6.8 29.8 32 8.2 10.1
ST-PP 0.3% S — — — — 36.1 0.93 0.84 — 3.4 — 28.5 — —
R 38 53.8 55.1 57.4 58.1 0.91 0.84 5.3 5.7 28 30 7.9 8.3
ST-PP 0.5% M-B 34 48.6 52.3 53.2 56 0.79 0.74 5.5 6.1 26.5 28 7.5 8.1
ST-PP 0.5% S 31 — — — 40.6 — — — 3.5 — 32 — —
R 33 47.9 51.5 52.4 55.1 1.04 0.91 5.5 6.1 26.5 28 — —
ST 0.3% S — — — — 36.1 0.93 0.84 — 3.4 — 28.5 — —
R 37 48.8 53.8 54.5 55.4 0.95 0.93 5.5 6 28 28 8.1 8.2
SWC ST 0.5% M-B 38 53.6 49.2 54.7 59 1.02 1.02 6.2 7.5 32 34 — 9.6
ST 0.5% M-B 37 50.1 52.2 54.7 55.3 0.78 0.76 5.7 6.1 27 28 8.1 8.3
ST 0.5% 2 M-B 39 46.5 54.4 56.7 63.9 0.97 0.94 6.5 7.4 30.7 34 10.1 10.2
ST 0.5% S 31 — — — 40.6 — — — 3.5 — 32 — —
R 34 47.6 51.2 52.2 53.3 1.06 1.05 5.9 6.2 26.5 27.5 — —
ST 0.5% 2 S 24 — — ~ 35.1 — — — 3.7 — 28.5 — —
R 32 44.2 47.6 48.5 49.5 1.05 1.05 5 5.3 26 26.5 — —
SCM ST 1.4% S 31 — -- -- 40.6 — -- — 3.5 -- 32 — —
R 34 48.7 51.5 52.8 53.5 1.03 0.88 6.7 6.8 20.5 21 9.5 10
M -B : m ono lith ic  beam  (C V C , F R -C V C , SC C , F R -SC C , o r  F R -S W C ); S: substra te  o f  C V C ; R: rep a ir  m ateria l (S C C , F R -S C C , o r  F R -S C M ) 
2 3S econd  identical beam  B eam  w ith  3 * 2 0 M  bars
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B) Cores for compression
As mentioned in Table 5.9 and Section 9.11, and in addition to the f ' c tests performed on 
concrete cylinders, in-place f ' c o f the mixtures used in making the tested beams were evaluated, 
in compliance with ASTM C 42. Table 9.8 summarizes the f ' c results o f core samples taken 
from both ends (A and B) o f the cast beams. It is important to point out that the core samples 
and cylinders underwent the same curing history, as indicated earlier. The cored cylinders 
could be divided into three sets according to their sources: mixtures used for making the 
monolithic beams (CVC/FR-CVC, FR-SWC, and SCC/FR-SCC), mixtures employed for 
making the substrate concrete (CVC) o f the repair beams, and mixtures used for making the 
repair material in the repair beams (SCC, FR-SCC, and FR-SCM). Figures 9.53 to 9.55 show 
the relative compressive strengths, i.e. ratios o f in-place f ' c values obtained from the three sets 
o f cores to the corresponding f ’c obtained from cylinders. The f ' c values were tested at the 
same age o f  180 d as core samples from A and B locations.
For the first set o f  cores and in the case o f  the CVC mixtures, the results plotted in Fig. 9.53 
indicated that the relative f ' c varied between approximately -20% and +20%, eventually 
depending on the degree o f mechanical consolidation. In other words, the two identical beams 
made with the CVC underwent less mechanical consolidation energy than the beam made with 
the CVC MU-S 0.5%; the latter in its turn underwent less mechanical consolidation than that 
made with CVC ST 0.5%. On the other hand, the relative f ’c in A and B locations shown in 
Figs 9.16 and 9.17 were quite similar with a mean ratio o f core-to-cylinder f ' c for all the 
monolithic beam mixtures o f  0.93 and 0.94, respectively, indicating the uniform consolidation 
o f the beams. The FR-SWC beams received 5 internal rodding pokes and 5 external tapping 
with the rod in one layer o f  concrete compared to 25 internal rodding pokes and 10 external 
tapping per layer for the CVC/FR-CVC concrete. The relative f ' c o f cylinders sampled from 
the FR-SWC was approximately equal to 1. It should be noted that f ’c o f cylinders made with 
SWC is not affected by the number o f  rods, as demonstrated in Chapter 12. Beams made with 
FR-SWC were cast in one layer and consolidated at the end to ensure proper filling the 
formwork and leveling o f  the top surface.
Test results o f the second set o f  cores represented in Fig. 9.54 show that the ratio o f the in-situ 
f ' c  o f cores taken at the end locations A and B and f ' c o f standard cylinders varies between
2 0 2
Chapter 9: Flexural response and durability
0.84 and 0.99 for the most part, except for the MU-S 0.3% beam that had values o f 1.09 and 
1.15. The in-situ strength values are within the expected values according to ASTM C 42 and 
ACI 318 [2011]. The mean ratio o f core-to-cylinder f ' c for all cored beams was 0.94 for both 
ends.
For the third set o f  cores, the results shown in Table 9.8 and illustrated in Fig. 9.55 indicated 
that a difference o f approximately 0 to 15% can be observed between the f ’c o f all core 
samples from both ends o f  the repair beams. The strength is higher at the casting end given the 
higher consolidation energy under the proper weight o f the concrete. The beams repaired with 
MU-S fiber were in exception given the length o f the fibers (50 mm) (difference in f ’c o f -3% 
between ends A and B) and with light consolidation at 0.5% Vf. The mean ratio o f core-to- 
cylinder f c for all repair mixtures was 0.93 for cores tested at the leading end B. Such mean 
value was 0.97 at the casting location o f  the beam. These comparable results indicate good 
self-consolidation characteristics o f the concrete and are comparable to variations that are 
typically obtained for CVC.
It can be concluded that the results were satisfactory for the three sets o f cores. RICE et al. 
[1979] reported that the coring results are considered adequate if  the average o f three tests 
equals or higher than 0.85 f ’c and that one singular core is lower than 0.75 f ' c. According to 
MALHOTRA [1977] and MURPHY [1977], even though the excellent placing and curing 
conditions, it is probable that the core strengths exceed 70% to 85% o f standard cylinders.
C) Splitting tensile strength
The f ’Sp was evaluated at 56 d and on the day corresponding to the testing o f the corresponding 
beam (typically at 180 d). As shown in Table 9.8 (Fig. C.3, Appendix C), the addition o f 0.3% 
to 0.5% fibers increased the 56-d f ' sp by 12% to 23% and 19% to 29%, respectively, compared 
to SCC without fibers. This range was increased to 6% to 18% and 11% to 31% at 180 d, 
respectively. SCC with MO-S fibers gave the lowest mean f ’sp among the FR-SCC mixtures. 
The mean f ’sp was calculated between f / o f  0.3% and 0.5% at both 56 and 180 d. On the other 
hand, the SCM ST 1.4% mixture with the highest Vf yielded the highest f \ p (50% and 34% at 
56 and 180 d, respectively). The introduction o f  fibers in the CVC mixture also led to an 
increase in f ’sp by up to 24% and 45% at 56 and 180 d, respectively, regardless o f the fiber
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type. The ST fibers provided the highest increase in f sp due to the mechanical and geometrical 
characteristics o f the fiber.
* Average o f 2 identical beams
Fig. 9.53 In-place f ’c test results on cylinders cored from different types o f monolithic beams
E2 End A □  End B
* Average o f  2 identical beams
Fig. 9.54 In-place f ’c test results on cylinders cored from substrate concrete o f repair beams
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El End A □  End B
* Average o f 2 identical beams
Fig. 9.55 In-placef ’c test results on cylinders cored from self-consolidating mixtures used to
repair beams
The reduction o f HRWRA dosage accompanied with some mechanical consolidation in the 
FR-SWC mixtures resulted in an increase o ff sp by 4% to 7% and 10% to 20% at 56 and 180 d, 
respectively, compared to their corresponding FR-SCC mixtures. The consolidation can 
increase bond between the concrete and embedded fibers. Similarly, the ST fibers provided the 
highest increase in f ’sp (Fig. C.4, Appendix C).
D) Modulus of rupture
As shown in Fig. 9.8 (and Fig. C.5, Appendix C), the incorporation o f  0.3% and 0.5% V f in 
SCC led to an increase in f r at 56 d o f  up to 13% and 21%, respectively, regardless o f  the fiber 
type. This increase was 12% and 22%, respectively, at 180 d. The ST fiber provided the 
highest f r compared to the other fiber types in concrete. The FR-SCM mixture provided the 
highest increase in f r o f  27% and 30% compared to the non-fibrous SCC at 56 and 180 d, 
respectively. A similar increase o f 10% to 15% and 10% to 18% was observed for the FR- 
CVC mixtures compared to the reference CVC at 56 and 180 d. Unlike f sp, the decrease in the 
HRWRA content and application o f  light consolidation effort did not affect the f r o f the FR- 
SWC mixtures compared to their corresponding FR-SCC mixtures (Fig. C.6, Appendix C).
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E) Modulus of elasticity
The E c results on the FR-SCC cylinders in Table 9.8 (Fig. C.7, Appendix C) ranged between 
26 and 33 GPa at 56 d and 26.5 and 34.5 GPa at 180 d. This represents a reduction o f  up to 
17% and 12%, respectively, compared to SCC, regardless o f  the fiber type and volume. 
However, fibers introduced in the CVC mixture resulted in a mean increase (considering MU- 
S and ST fibers) in E c by 1% at 56 and 180 d. The reduction in coarse aggregate content 
accompanying the introduction o f  fibers did not reduce E c. This was maybe due to many 
reasons. First, the CVC had higher coarse aggregate content (1070 kg/m3 o f 20 mm MSA vs. 
792 kg/m3 o f 10 mm MSA for the SCC); second, a similar reduction o f 8.6% and 6.2% in 
coarse aggregate was carried out for CVC mixtures vs. 10.3% and 5.2% for SCC, with the 
MU-S and ST fibers, respectively. So the reduction in coarse aggregate for the CVC was 
quietly negligible compared to the SCC mixtures. A significant decrease o f 34% in E c was 
obtained in the case o f  the SCM ST 1.4% mixture made without any coarse aggregate 
compared to mean value reported for the FR-SCC mixtures.
The FR-SWC mixtures had an average increase o f  12% in Ec compared to their corresponding 
FR-SCC at both 56 and 180 d. These results are consistence with those obtained for the f ’c 
(Fig. C.8, Appendix C).
9.17.3 Durability
A) Porosity
As noted in Table 9.9, compared to the SCC mixture, FR-SCC mixtures had similar capillary 
porosity with a spread o f  -21% and +10%. The FR-SWC mixtures had 2% to 14% lower total 
capillary porosity compared to their corresponding FR-SCC with the same fiber types and 
volumes. The FR-SCM (SCM ST 1.4%) had the highest total capillary porosity o f  91 mm3/g, 
which is 45% greater than the lowest value (50 mm3/g) obtained with the SCC mixture.
B) Permeability
Results o f  the rapid chloride permeability (RCP) test (ASTM C 1202) carried out on concrete 
used for casting the structural beams at the age o f 56 d are presented in Table 9.9 and Fig. 9.56. 
Both plain and fiber-reinforced conventional vibrated mixtures were characterized by high
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RCP. The increase in the volume o f large-size capillary pores can lead higher RPC and lower 
f ’c [MEHTA et al., 2006]. The RCP o f the SCC mixture was 640 Coulomb, indicating a very 
low electrical resistivity. This is due to the fact that the concrete is made with 25% slag and 
5% silica fume. This is supported by the low initial electrical current value o f 30 mA. The 
incorporation o f  polypropylene fibers at 0.3% or 0.5% did not change the RCP considerably 
(deviation o f 25% but still in the range o f very low RCP). This was in agreement with results 
obtained by ZHANG et al. [1997],
On the other hand, the incorporation o f steel fibers, either steel fibers (ST) or those present in 
the hybrid fiber (ST-PP) in the SCC and SCM mixtures increased considerably the RCP values. 
The increase in electrical conductivity was proportioned to the steel fiber content. The RCP 
test is not suitable to evaluate the RCP o f concrete containing metallic fibers. The FR-SWC 
had 34% to 37% lower RCP compared to their corresponding FR-SCC.
9.17.4 Visco-elastic properties
A) Drying shrinkage
The results o f drying shrinkage (e sh) at 120 d are reported in Table 9.9. From Fig. 9.57, it can 
be observed that the highest s sh belonged to the mortar mixture given the absence o f coarse 
aggregate restrain. The conventional vibrated mixtures, with and without fibers, had the lowest 
£sh. Regardless o f  the fiber type, s sh generally increased with Vf. This can be attributed to the 
decrease o f  coarse aggregate content associated with the increase in Vf. The fiber length did 
not influence shrinkage.
The results were supported by previous findings by ZHANG et al. [1997], According to 
MEHTA et al. [2006], small pores influence shrinkage. Hence, FR-SCC having lower volume 
o f small pores, less than 50 nm, exhibited similar or less s sh than the reference SCC. Similar 
results were found by CORINALDESI et al. [2004] and YADEGARAN et al. [2007]. The FR- 
SWC mixtures had lower ^ (d e c re a se  o f 7% to 21%) compared to the corresponding FR-SCC.
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Table 9.9 Summary o f durability and visco-elastic properties test results o f beam concrete
^ " ^ - '- ^ P r o p e r ty  
M ix tu re ^ '" '" ''\_
120-d sh rin kage  
(pstrain)
56-d RCP1 56-d MIP (mm3/ g)1
2 3 < 50 nm > 50 nm Total
CVC 540 6250 180 27 38 65
CVC MU-S 0.5% 650 5570 200 22 50 72
CVC ST 0.5% 570 4750 600 21 40 61
SCC 780 640 30 32 31 63
MO-S 0.3% 530 610 30 26 24 50
MO-S 0.5% 610 800 30 35 30 65
MU-S 0.3% 740 600 30 22 34 56
SWC MU-S 0.5% 670 420 20 23 34 57
MU-S 0.5% 850 630 30 25 33 58
ST-PP 0.3% 580 1300 50 25 33 57
ST-PP 0.5% 680 1800 70 31 26 57
ST 0.3% 630 2320 100 29 40 69
SWC ST 0.5% 690 2000 100 25 31 56
ST 0.5% 650 3180 200 30 36 65
SCM ST 1.4% 1260 4 700 38 53 91
1 Samples cored from cylinders
2 Electrical passed charge (Coulomb) according to ASTM C 1202 (mean o f  2 specimens)
3 Initial electrical current (mA) according to ASTM C 1202
4 Test interrupted (high charge due to connectivity o f  high volume o f  steel fibers conducting 
the electrical current)
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Fig. 9.57 Drying shrinkage and porosity test results from specimens prepared o f  m ixtures used for casting o f  beam s
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9.17.5 Flexural behavior
The results o f the four-point flexural test on the monolithic and repair beams are shown in Figs 
9.58 to 9.71. The monolithic beams were made with CVC, FR-CVC, SCC, FR-SCC, or FR- 
SCM and were considered as reference beams. The repair beams were cast with CVC as 
substrate and repaired with the same self-consolidating mixture (SCC, FR-SCC, or FR-SCM) 
that were also used for casting the monolithic beams. The maximum fiber in the FR-SCC 
mixtures was limited to 0.5% for the repair o f beams. The mixture optimization procedure 
[KHAYAT et al., 2013] revealed that high workability can be obtained if  the 0.5% Vf is not 
exceeded. This result is also supported by previous findings o f KHAYAT et al. [2000]. For 
repeatability purposes, some o f the monolithic and repair beams were cast twice and tested, as 
shown in Tables 9.10 and 9.11. The main parameters considered for structural analysis were 
crack load, yield load, ultimate load, deflection, steel reinforcement strain, concrete strain, 
crack width, toughness, and stiffness.
To clarify the structural test results reported in this chapter and the corresponding analysis, the 
graphs are presented in a way to compare the structural response between different sets o f 
beams, as follows:
a. All self-consolidating monolithic beams vs. the reference monolithic beam made with 
CVC;
b. Self-consolidating monolithic beams vs. corresponding conventional vibrated 
monolithic beams with the same Vf,
c. Monolithic beams o f FR-SWC vs. corresponding monolithic beams o f FR-SCC with 
same fiber type and Vf,
d. All self-consolidating repair beams vs. reference monolithic beam o f CVC;
e. Repair beams vs. corresponding monolithic beams with same fiber type and Vf,
f. FR-SCCs vs. SCC incorporating 50% additional steel reinforcement in repair beams;
g. Fiber-reinforced concrete (FR-CVC, FR-SCC, and FR-SWC) vs. plain concrete (CVC 
and SCC), regardless o f beam set (monolithic or repair beam), fiber type, and fiber 
volume.
The relationships o f load-deflection, load-strains o f concrete and steel reinforcement, and 
load-crack width responses o f the different beam sets are shown in Figs 9.58 to 9.64, 9.65 to
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9.71, and 9.72 to 9.78, respectively. The crack patterns o f the monolithic and repair beams are 
illustrated in Figs 9.79 to 9.80, respectively. The corresponding comparison analyses and 
overall performance are presented Section 9.17.5.11.
A) Load-deflection response
Figures 9.58 to 9.64 show tri-linear load-deflection relationships for all the tested beams. The 
initial load-deflection up to flexural cracking was similar for all beams, which represents the 
behavior o f the uncracked concrete that depends on the gross moment o f  inertia o f  the 
concrete cross-section. The second part, corresponding to post-cracking o f  the concrete up to 
steel yielding, represents the cracked beam with reduced moment o f inertia and consequently 
reduction in stiffness (reduction in slope o f  the load-deflection graphs). The third part, 
corresponding to steel yielding up to failure, shows dramatic degradation in the stiffness o f  the 
beams due to yielding o f  the reinforcing steel.
The mid-span deflection at a service load level o f both monolithic and repair beam ranged 
between 2.9 and 5.4 mm. The corresponding deflection-to-clear span ratios (A/L) were 1/796 
and 1/426, respectively. The maximum permissible computed immediate deflection according 
to CSA A23.3 [2004] is limited by L/180. The value that corresponds to this ratio is 12.8 mm, 
which is quite higher than the experimental deflections.
B) Crack load
The crack loads were determined from Fig. 9.58 to 9.64 are presented in Tables 9.10 and 9.11. 
Cracks in the loaded beams under two concentric loads were initiated in the region o f  these 
two loads. The flexural crack load ranged between 53 and 105 kN for the monolithic beams, 
50 and 78 kN for the repair beams, and 41 and 45 kN for the reference monolithic beam made 
with CVC with/without fibers. For the totality o f  the investigated beams, the flexural crack 
loads represented 17% to 41% o f the ultimate load. The concrete tensile strength supported by 
fibers in the tension zone has a main effect on the crack loads o f the investigated beams. With 
the application o f the gradual flexural load, the maximal tensile stresses developed in the 
extreme tension concrete fiber. In the beginning and before cracking with effective section, 
theses stresses were lower than the concrete modulus o f  rupture. The cracks appeared
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successively upward once theses stresses exceeded the concrete modulus o f rupture. After 
cracking, concrete has no resistance, and flexural stiffness decreases suddenly.
C) Yield load
Similarly to crack loads, the yield loads were determined from Fig. 9.58 to 9.64, and are 
presented in Tables 9.10 and 9.11. The yield load ranged between 150 and 225 kN for the 
monolithic beams, 148 and 182 kN for the repair beams (213 kN for beam repaired with 50% 
additional tension reinforcement steel), and 148 to 227 kN for the reference beams made with 
CVC with/without fibers. For all the investigated beams and up to the yield level, the existing 
cracks propagate towards the upper part o f the cross-section and new cracks appear 
continuously. The deformation o f  the steel reinforcement and concrete continues elastically 
before reaching the yield load. The concrete and steel reinforcement above the neutral axis 
picked up the compressive effort.
D) Ultimate load
The ultimate loads were also determined from Fig. 9.58 to 9.64, and are their values are 
presented in Tables 9.10 and 9.11. The ultimate load ranged between 219 and 261 kN for the 
monolithic beams, 204 and 230 kN for the repair beams (267 kN for beam repaired with 50% 
additional tension reinforcement steel), and 216 kN to 252 kN for the reference beams o f CVC 
with/without fibers. Up to the ultimate load level, the reinforcing steel bars continued in 
irreversible prolongation, and fibers resist tension (depending to their tensile strength) and 
pulling-out action (depending to their bond with concrete) to prevent enlargement o f cracks 
already appeared. Before they break, fibers started slipping because their tensile strength was 
greater than their pull-out strength; condition required for all efficient fiber with an aspect 
ratio lower than 100 [ACI 544, 2011]. Fibers continued slipping successively toward one side 
o f the two crack lips until beam failure. Any new crack can appear after the elastic field, and 
concrete had not practically any resistance at its tension zone. The compressed concrete 
underwent crushing accompanied with slight drop in load (similar to a point o f deflection) 
which can be seen on the load-deflection curves. This load referred to as crushing load, which 
approaches the ultimate load capacity o f  the beam.
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Fig. 9.58 Deflection o f self-consolidating monolithic beam
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Fig. 9.59 Deflection o f self-consolidating vs. conventional vibrated monolithic beams
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Fig. 9.60 Deflection o f FR-SWC vs. FR-SCC monolithic beams
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Fig. 9.61 Deflection o f self-consolidating repair beam with synthetic fibers vs. reference
monolithic beam o f CVC
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Fig. 9.62 Deflection o f  self-consolidating repair beams with hybrid and steel fibers vs.
reference monolithic beam o f CVC
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Legend:
1: SCC (M -B ) 3: M O -S (M -B ) 5: M U -S (M -B ) 7: S T -PP  (M -B ) 9: ST (M -B )
2: SC C  (R -B ) 4: M O -S (R -B ) 6: M U -S (R -B ) 8 :S T -P P (R -B )  1 0 :S T (R -B )
A ll FR -SC C  w ere w ith Vt = 0 .5%  M -B: m onolith ic  beam  R-B: repa ir beam
Fig. 9.63 Deflection o f repair beams vs. monolithic beams
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Fig. 9.64 Deflection o f  FR-SCC vs. SCC with 50% additional steel reinforcement in repair
beams
E) Reinforcement and concrete strains
The applied loads vs. mid-span strain o f steel reinforcement and concrete are shown in Figs 
9.65 to 9.71 for the various beams. For comparison among different beams, strain values at a 
fixed elastic load o f 140 kN are reported in Tables 9.10 and 9.11. The maximum service 
deformations in the concrete and steel reinforcement o f  the monolithic beams were 790-1500 
and 2420-3120 pstrains, respectively. These strains were 1000-1310 and 2570-3290 pstrains 
for the repair beams, respectively. For the reference monolithic beams o f CVC with/without 
fibers, these strains were 820-1240 and 2480-3500 pstrains, respectively. Therefore, there was 
a proportional relationship between the concrete strains and the steel reinforcement strains for 
all beam types. The steel reinforcement and concrete strains depend on the crack width, which 
is in its turn related to bond quality between the reinforcement and cementitious matrix on one 
hand, and between the concrete and fibers on the other hand. The latter depends on the 
mechanical and geometrical properties o f fibers [SWAMY et al., 1981].
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Fig. 9.65 Strains o f  steel reinforcement and concrete o f  self-consolidating monolithic beams
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Fig. 9.66 Strains o f  steel reinforcement and concrete o f  self-consolidating vs. conventional vibrated monolithic beams
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Fig. 9.67 Strains o f  steel reinforcement and concrete o f  FR-SW C vs. FR-SCC m onolithic beam s
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Fig. 9.68 Strains o f  steel reinforcement and concrete o f self-consolidating repair beams with synthetic fibers vs. reference
monolithic beam o f  CVC
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Fig. 9.69 Strains o f steel reinforcement and concrete o f self-consolidating repair beam s with hybrid and steel fibers vs. reference
monolithic beam o f  CVC
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Fig. 9.70 Strains o f  steel reinforcement and concrete o f  repair beams vs. monolithic beams
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Fig. 9.71 Strains o f steel reinforcement and concrete o f  FR-SCC vs. SCC with 50% additional steel reinforcem ent in repair beam s
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F) Crack width
Figures 9.72 to 9.82 show the development o f  the measured crack widths up to failure o f  the 
tested beams. The development o f  cracking followed the same pattern for all beams. The crack 
width depends on each beam characteristics (fibers type, fiber volume, etc.). Crack load values 
measured at 145 kN are presented in Tables 9.10 and 9.11. Generally, the crack width is 
proportional to the strain o f steel reinforcement.
MO-S 0.5%300
ST 0.5%
250 ST-PP 0.5%
200
MU-S 0.5%
150 CVC SCC
100
50
0
0 2 4 6 8 10
Crack width (mm)
Fig. 9.72 Crack width o f self-consolidating monolithic beams
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300 CVC ST 0.5%
ST 0.5%
MU-S 0.5%
250
200
CVC MU-S 0.5%150
SCC
CVC
100
0 2 4 6 8 10 12
Crack width (mm)
ig. 9.73 Crack width o f self-consolidating vs. conventional vibrated monolithic beams
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Fig. 9.74 Crack width o f FR-SWC vs. FR-SCC monolithic beams
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Fig. 9.75 Crack width o f  self-consolidating repair beams with synthetic fibers vs. reference
monolithic beam o f CVC
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Fig. 9.76 Crack width o f self-consolidating repair beams with hybrid and steel fibers vs.
reference monolithic beam o f CVC
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Legend:
1: SC C  (M -B ) 3: M O -S  (M -B ) 5: M U -S (M -B ) 7: ST -PP  (M -B ) 9: ST (M -B )
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Fig. 9.77 Crack width o f repair beams vs. monolithic beams
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Fig. 9.78 Crack width o f FR-SCC vs. SCC with 50% additional steel reinforcement in repair
beams
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Table 9.10 Different structural performance param eters o f  monolithic beam s
Beam Crack load 
(kN)
Yield load 
(kN)
Ultimate load 
(kN)
Deflection 
(mm) 
at 140 kN
Reinforcement 
strain (pm /m ) 
at 140 kN
Concrete 
strain (pm /m ) 
at 140 kN
Crack w idth 
(mm) 
at 145 kN
Stiffness
(kN/m)
CVC 45 153 216 5.7 2,300 -8 0 0 0.620 17.9
CVC 1 45 148 224 5.6 2,400 -6 5 3 0.419 19.0
CVC MU-S 0.5% 41 187 239 6.2 2,210 -7 9 3 0.305 18.4
CVC ST 0.5% 63 224 252 4.5 1,590 -6 6 6 0.324 24.0
SCC 55 150 219 6.5 2,100 -6 1 5 0.466 18.6
SCC 1 53 183 223 6.7 2,220 -6 4 6 0.392 17.9
MO-S 0.5% 58 167 252 5.9 2,220 -8 3 0 0.476 19.4
SWC MU-S 0.5% 80 210 261 4.7 2,030 -561 0.157 20.7
MU-S 0.5% 70 187 242 5.6 2,160 -786 0.487 17.8
ST-PP 0.5% 58 174 249 5.6 2,030 -7 0 0 0.404 20.8
SWC ST 0.5% 105 234 254 4.4 1,580 -6 3 9 0.19 26.6
ST 0.5% 60 192 248 4.5 * -8 0 0 0.25 23.2
ST 0.5% ' 70 225 246 4.4 1,610 -7 3 2 0.048 25.8
1 Identical beam to previous one 
* Stain gauge went out o f  service
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Table 9.11 Different structural performance param eters o f  repaired beams
Beam Crack load 
(kN)
Yield load 
(kN)
Ultimate load 
(kN)
Deflection 
(mm) 
at 140 kN
Reinforcement 
strain (pm /m ) 
at 140 kN
Concrete 
strain (pm /m ) 
at 140 kN
Crack width 
(mm) 
at 145 kN
Stiffness
(kN/m)
SCC 50 148 230 8.2 2,380 -615 0.183 13.5
SCC 1 56 168 214 7.0 2,330 -897 0.564 16.4
SCC3 - 50 213 267 6.3 1,840 -573 0.187 16.7
MO-S 0.3% 56 150 206 8.5 2,410 - 1067 0.283 12.6
MO-S 0.5% 58 151 213 7.6 2,730 -903 0.231 13.2
MU-S 0.3% 65 177 224 5.9 1,820 -601 0.245 14.9
MU-S 0.3% 1 73 177 233 5.9 2,040 -785 0.327 20.6
MU-S 0.5% 59 171 224 6.7 1,890 -714 0.402 16.6
MU-S 0.5% 1 78 182 226 5.4 2,060 -629 0.141 18.6
ST-PP 0.3% 55 157 216 8.0 2,400 -8 8 4 0.366 12.1
ST-PP 0.5% 57 152 204 8.1 2,370 -841 0.374 12.9
ST 0.3% 60 169 230 6.4 2,280 -748 0.286 15.4
ST 0.5% 65 176 227 6.2 2,090 -5 3 0 0.204 17.1
ST 0.5% 1 55 168 207 6.6 2,250 -6 5 7 0.202 13.6
SCM ST 1.4% 62 182 224 6.2 1,930 -731 0.094 17.1
1 Identical beam with the previous one
2 Beam repaired with 3><20M bars
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G) Cracking pattern
Figures 9.79 and 9.80 show the cracking patterns at failure o f  the tested beams. The shaded 
part in these figures represents the crushed concrete. From Figs 9.79 and 9.82, similar 
characteristics o f the cracking patterns are observed for all beams, except some o f the non- 
fibrous beams that had spalling and greater level o f crushing in the tension and compression 
zones, respectively. The plain beams manifested loss o f  parts o f concrete before failure, 
whereas for the fibrous beams, there was no detachment o f concrete until their failure. For all 
beams, the formation o f cracks was initiated in the flexural span between the two concentrated 
loads where flexural stresses are at their highest levels. The cracks were vertical and 
perpendicular to the direction o f the maximum principal tensile stress induced by pure bending. 
As load increased, additional flexural cracks opened within the shear span. However, because 
o f the dominance o f  shear stresses, the cracks became progressively more inclined and 
propagated towards the load point. As the load reached yielding capacity o f the beams, the 
crack opening rate was increased, and the beams failed due to crushing o f  the concrete. This 
failure mode was observed for all beams. It should be pointed out that for all repair beams, no 
horizontal cracks were observed at the substrate-repair interface, indicating that there was no 
interfacial bond failure.
CVC (M-B)
(a)
CVC d (M-B)
(b)
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CVC MU-S 0.5%/(M-B)
(c)
CVC ST 0.5% (M-B)
(d)
SCC (M-B)
(e)
SCC d (M-B)
(f)
MO-S 0.5% (M-B)
(g)
SWC MU-S 0.5%/(M-B)
(h)
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(m)
Fig. 9.79 Crack patterns o f monolithic beams
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ST 0.5% (R-B)
ST 0.3% (R-B)
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SCM ST 1.4% (R-B)
(P)
Spalling
Fig. 9.80 Crack patterns o f repaired beams
Crushing
5  *• *
(a) Monolithic beam o f MO-S 0.5% (b) Beam repaired with MO-S 0.5%
Fig. 9.81 Beam pattern at service load
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(a) Monolithic beam o f MO-S 0.5% (b) Beam repaired with MO-S 0.5%
Fig. 9.82 Beam pattern at failure
H) Flexural toughness
The toughness in this study was obtained by calculating the surface area under the curve o f the 
load-deflection o f the beam. With most o f  the fiber-reinforced beams, the flexural test was 
stopped before total failure for safety reasons and to prevent possible damage o f LVDTs and 
other equipment. Therefore, the fiber-reinforced beams were loaded up to the ultimate level, 
and then when the load was still constant for a long time or was decreasing very slowly, the 
test was stopped.
The ductility is affected by the fiber form. Toughness is also affected by fiber aspect ratio. 
Higher aspect ratio resulted in higher flexural toughness. Despite, the toughness o f monolithic 
and repair beams made with FR-SCC increased by 65% and up to 26%, respectively, 
compared to the reference monolithic beam o f CVC. This was mainly due to the use o f fibers.
I) Stiffness
The stiffness values determined as the slope between approximately 80 kN and 140 kN from 
load-deflection curves are presented in Tables 9.10 and 9.11. For all beams, the stiffness 
decreased suddenly after cracking, when the concrete tensile stresses exceeded the concrete 
tensile strength. The incorporation o f  fibers increased the flexural stiffness by up to 40%. This 
is in agreement with published literature [SWAMY et al., 1981]. Beam stiffness depends on 
fiber mechanical properties (elastic modulus and tensile strength) and fiber geometrical 
properties (length, aspect ratio, volume, shape, etc.). In general, stiffness o f  all o f the 
investigated beams ranged between 0.66 and 1.44 that o f the average o f the monolithic beams
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made with CVC without fibers. Beams repaired with FR-SCC and FR-SSM had relative 
stiffness values ranging between 0.66 and 1.11 that o f the average o f monolithic beams made 
with CVC without fibers.
J) Debonding at substrate-repair interface
There was no appearance o f  horizontal cracks at the substrate-repair interface for repair beams 
up to the failure (Fig. 9.28). The readings collected by the LVDTs with most beams were 
constant, indicating that there was no interfacial bond failure. With some repair beams, very 
thin and stable horizontal cracks were observed in the interface; however, the LVDT readings 
were also constant near zero, indicating negligible interfacial bond failure. The bonding was 
assured by the tension reinforcement, stirrups, and the preparation o f the interface surface, as 
described in Sections 9.9.1 and 9.9.3. Bond is also enhanced with the incorporation o f silica 
fume. Moreover, the optimized mixtures were highly stable (VSI between 0 and 0.5), thus 
reducing the risk o f bleeding, surface settlement, and segregation.
K) Comparison of overall structural performance
The overall performance o f the investigated mixtures was compared in terms o f  mechanical 
load capacity (crack load, yield load, and ultimate load), deflection, strain in concrete and 
reinforcement, crack width, stiffness, and toughness. A star-plot approach was used for the 
overall comparison (Fig. 9.83). The branches o f  the star diagram are set so that high values 
reflect better performance for each o f the nine properties. Therefore, higher star-plot areas 
reflect better overall performance. A weighted factor o f 1 is assigned to the ultimate load, 
reinforcement strain, and toughness. The yield load, deflection, and stiffness are assigned a 
weighted factor o f 2. The crack load, concrete strain, and crack width are assigned a weighted 
factor o f 3.
In general, all the investigated beams had an overall structural performance that was similar or 
higher (up to 8.6 times) than that o f the reference monolithic beam made with CVC, regardless 
o f the concrete type, fiber type, fiber volume, and use in monolithic or repair beams. The 
highest performance in the set o f monolithic beams was obtained with use o f  FR-SWC. The 
highest performance in monolithic beams made with FR-SCC was obtained with fibers ST
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followed by MU-S, because o f the hooked ends and high modulus o f  elasticity for ST and the 
maximum length o f fibers MU-S.
K.1) Comparisons of structural performance between different beam sets
The following comparisons o f the structural performance between the different beam sets are 
based on values presented in Tables 9.10 and 9.11. The detailed calculations for each 
structural property and for each set comparison (from a to g) are shown in Table 9.12. 
Comparisons o f the overall performance between the different beam sets are presented in 
Table 9.13. The analysis is presented below according to the following comparisons reported 
in Tables 9.12 and 9.13.
a. Monolithic beam of SCC vs. reference CVC: The self-consolidating monolithic beams 
exhibited higher mechanical load carrying capacities (2% to 56%) compared to the reference 
monolithic beam made with CVC, regardless o f  the presence o f  fibers and fiber type/volume. 
The highest enhancement was registered for the crack lqad criteria when using the MU-S and 
ST fibers. This is due to the length and high elastic modulus/hooked ends, respectively.
The monolithic beams made o f  SCC with/without fibers also had lower deformation 
(deflection and strains o f concrete and steel reinforcement) and crack width as well as higher 
toughness and stiffness. For instance, the crack width decreased by up to 76%. This is due to 
the effect o f  the binder characteristics (fineness and content), w /b , and use o f chemical 
admixtures in SCC (combined with fibers in the case o f  FR-SCC). In general, the monolithic 
beam made with SCC with and without fibers had higher overall structural performance o f up 
to 6.7 times o f  that o f the CVC.
b. SCC vs. corresponding CVC in monolithic beams: Considering only the effect o f  the 
cementitious matrix, i.e. comparison between beams o f  CVC and SCC with and without fibers 
(of the same type and volume), the second set o f beams had mainly higher crack load (increase 
o f  3% to 71%) despite the lower coarse aggregate content. The relatively greater structural 
performance o f  the second set o f beams (enhancement o f up to 280%) is due to the mix design 
including w /cm , cement type (fineness, composition, reactivity, etc.), cement content, and use 
o f HRWRA and VMA.
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c. FR-SWC vs. FR-SCC in monolithic beams: The monolithic beams made with SWC 
incorporating MU-S and ST fibers at 0.5% Vf had better o f all structural properties compared 
to their corresponding FR-SCC with the same fiber type/volume. The difference could reach 
62%, 29%, and 68% for crack load, concrete strain, and crack width, respectively. This is 
mainly due to the difference in HRWRA content (decrease o f  2%) and the low mechanical 
consolidation estimated to lA  to lA  o f that applied for conventional concrete, depending on 
fluidity degree o f  the FR-SWC. This mechanical consolidation led to lower porosity, RCP, and 
drying shrinkage, as well as higher mechanical properties ( f ’c, f ’sp, E c, and f r). The 
consolidation o f  concrete increased probably bond between the fibers and concrete matrix.
d. Repair beams vs. reference CVC: To compare the structural properties o f repair beams to 
the reference monolithic beam made with CVC, mixtures used to repair the repair beam were 
divided into three types: SCC, FR-SCC, and FR-SCM, as presented separately in Table 9.13 
(d .l to d .3 ) .
All the repair beams had higher crack and yield loads and similar ultimate loads (spread o f ± 
6% o f the strength) compared to the control monolithic beam o f CVC. Therefore, 
approximately 95% o f the initial load capacity o f repaired beams was restored using the novel 
repair materials. The repair beams are shown to have lower crack widths at a given load level, 
except for beams repaired with plain SCC. The crack width was mainly affected by fiber 
properties, such as fiber volume. The narrowest crack width was obtained with the FR-SCM at 
1.4% Vf. SHAH et al. [1998] reported that fibers with sufficient dosage can increase 
significantly the resistance to cracking and reduce the crack width. Crack width was also 
affected by fiber length (the longest fibers were MU-S type) and fiber geometry (hooked ends 
o f ST fibers enhanced the bond). The effect o f  fiber length on crack width by resistance to 
fiber slipping is obvious between the MO-S fibers o f 40 mm and the ST-PP fibers o f 19.5 mm.
BALAGURU et al. [1992], KOOIMAN [2000], and CAMPIONE et al. [2000] reported that 
high performance can be obtained using the hooked-end, deformed-end, crimped and straight 
fibers, in descending order. The results in this study are in accordance with these findings. 
However, fiber length is another parameter which can also affect the structural properties. In 
this study, the effect o f  Vf on crack width was not clearly observed because o f the relatively 
small difference in Vf. The crack load and stiffness are mainly affected by the fiber
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characteristics. The lower stiffness o f most o f the repair beams is attributed to their 
composition o f  two layers cast at different times.
In general, the overall performance o f  the repair beams was enhanced up to 220% compared to 
the reference beam made with CVC, as indicated in Table 9.13. The lowest performance 
belonged to the beam repaired with SCC without any fibers that was 15% over the reference 
beam made with CVC.
e. Repair beams vs. monolithic beams: The loss in the overall structural performance o f up 
to 75% o f the repaired beams compared to their corresponding beams made fully with the 
same repair mixtures and same fiber types/volumes is due to three factors. The first factor is 
represented by the interface between the top and the bottom in the repair beams. The second 
factor is the high thickness o f  the upper layer (% o f the total beam height) with low 
mechanical strengths; this layer was made o f CVC in the repair beams. The third factor is the 
fiber occupation along the beam height, which contribute in fiber sliding.
f. Fibers vs. 50% additional steel reinforcement: The incorporation o f fibers delayed the 
appearance o f cracks compared to the use o f  50% additional steel reinforcement in the tension 
repair zone (2 rebars instead o f 3 rebars). The enhancement o f the overall performance o f 
beams repaired with FR-SCC was up to 38% compared to the beam repaired with SCC and 
50% additional steel reinforcement.
With the use o f  steel fibers at high Vf o f 1.4% in the SCM, the crack width was reduced by 
50%. On the other hand, the use o f fibers in SCC or SCM did not improve the yield load nor 
the ultimate load compared to the use o f 3 bars compared to 2 bars in the tension repair zone.
g. Fibrous concrete vs. plain concrete: As mentioned in Section b above where effect o f 
concrete type on the structural performance was evaluated, this section deals with evaluation 
o f effect o f fiber types on the structural properties o f  beams. Regardless o f  the set o f  beam 
(monolithic or repair beams) and fiber type/volume, fibers enhanced mainly the mechanical 
loads, cracking, and toughness o f beams up to 49%, 65%, and 99%, respectively, (Table 7.14). 
The fibrous beams had a mean increase o f 40% in stiffness compared to reference SCC for 
monolithic and repair beams, respectively. Thus, the use o f fibers can improve the overall 
structural performance from by 25%-205%, in both monolithic and repair beams, regardless o f 
the fiber type/volume.
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Table 9.12 Comparison o f  structural properties between different m ixture types
No. Set comparison Level o f  enhancem ent (%)
Crack
load
Yield
load
Ultimate
load
Deflec­
tion
Reinf.
strain
Concrete
strain
Crack
width
Tough­
ness
Stiff­
ness
a M-B o f SCC vs. 
reference CVC
20 to 
56
9 to 
36
2 to 
17
-16 to
22
4 to 
30
-4 to 
21
21 to 
76
-17 to 
65
3 to 
44
b SCC vs. corresponding 
CVC in M-B
3 to 
71
-7 to 
11
-2 to 
1
-17 to 
10
-1 to 
8
-15 to 
13
-60 to 
54
-9 to 
26
-14 to 
13
c FR-SWC vs. FR-SCC in 
M-B
14 to 
62
12 3 to 
8
1 to 16 2 to 
6
17 to 
29
-28 to 
68
-18 to 
7
-1 to 
15
d.l R-B with SCC vs. 
reference CVC
18 5 1 -35 0 -4 -28 13 -15
d.2 R-B with FR-SCC vs. 
reference CVC
22 to 
53
0 to 
18
-7 to 5 -50 to 
-4
-16 to 
18
-47 to 18 28 to 
61
-10 to
37
-20 to 
3
d.3 R-B with FR-SCM vs. 
reference CVC
38 21 2 -10 18 -1 82 4 -8
e R-B vs. M-B -8 to 
-2
-18 to 
-5
-18 to 
0
-45 to 
-8
-35 to 
8
-29 to 
23
-36 to 
44
-38 to
25
-22 to 
0
f Fibers vs. 50% additional 
steel reinforcement
10 to 
38
-30 to 
-15
-24 to 
-14
-35 to 
6
-49 to 
-5
-86 to 
-4
-100 
to 50
-8 to 
40
-11 to 
15
g Fibrous concrete vs. plain 
concrete*
-9 to 
40
-5 to 
49
-8 to 
15
-12 to
33
-16 to 
32
-41 to 
30
-14 to 
65
-21 to 
99
-9 to 
40
VI-B: monolithic beam R-B: repair beam * Regardless of concrete type, fiber type, and V/.
243
Chapter 9: Flexural response and durability
Table 9.13 Comparison in overall structural o f different beam sets
No Comparison Enhancement in overall performance 
(%)
a SCC M-B vs. reference CVC 120 to 570
b SCC vs. corresponding CVC in M-B 120 to 280
c FR-SWC vs. corresponding FR-SCC in M-B 28 to 40
d R-B vs. reference CVC 15 to 220
e R-B vs. M-B -77 t o -14
f Fibers vs. +50% additional steel 
reinforcement
-30 to 35
g F-R concrete vs. plain concrete 25 to 205
K.2) Range of overall performance of beams
Based on Fig. 9.83, a simplified classification o f  the different investigated beams was 
established in Table 9.14. The beams can be classified in descending order o f flexural 
performance as follows:
For the monolithic beams:
FR-SWC > FR-SCC > SCC > FR-CVC > CVC
For the repair beams:
FR-SCC == FR-SCM ~ [SCC + 50% reinforcement steel] > SCC
Table 9.14 Range o f overall performance o f  different mixture types compared to the
monolithic beam made with CVC
'  -— Range 
Mixture type '
Performance compared to reference VI-B o f  CVC
1-1.5 times 1.5-2 times 2-5 times > 5 times
SCC ......
CQ FR-CVC J h+:i :'+::+v+;3 *' , < '
S FR-SCC f , r\  >
FR-SWC ;, * <r*
SCC
CQ SCC + 50% add. tension reinf. ....^4*-..... ».
cd, FR-SCC "V'* ix"  % - t .... . .
FR-SCM 1 *
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L) Cost-efficiency aspect
An estimation was established for each mixture based on the unit price o f the mixture 
ingredients (fiber, cement, sand, coarse aggregate, HRWRA, VMA, and AEA). The unit prices 
considered are applied to Quebec in Canadian dollar in 2013. Labor and transportation fees 
were not included. The prices o f SRA and EA used in the chapter o f  restrained shrinkage were 
not considered either. The relative prices and performances o f the M-Bs and repair beams 
compared to the reference M-B made with CVC are presented in Figs 9.84 and 9.85.
The relative cost o f  the FR-SCC used in repair was 2.1 to 6.4 times greater than the CVC for 
both the monolithic and repair beams. This is accompanied by higher structural performance 
(1.5 to 3.3 times), lower RCP (reduction o f 50% to 90%), and lower porosity (reduction o f  up 
to 23%). For mixtures where the cost efficiency seems to be a negative investment, the repair 
procedure using these self-consolidating mixtures requires less energy, equipments, and labor, 
as well as are easier and more sustainable compared to CVC.
The relative cost o f FR-SCC o f 1.3 to 1.9 times compared to SCC without fibers can be 
justified by higher relative structural performance o f 1.3 to 2.9 times. The use o f  the highest 
relative cost o f the FR-SCM (6.4 times) and relative structural performance o f  3 times 
compared to CVC can be cajustified by high resistance to cracking.
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Fig. 9.84 Relative cost-efficiency values o f monolithic beams compared to reference
monolithic beam o f CVC
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Fig. 9.85 Relative cost-efficiency values o f repair beams compared to reference monolithic
beam o f CVC
9.18 Conclusions
In total, 15 mixtures o f  three consistency levels were made. These mixtures included 
conventional vibrated concrete with/without fibers (CVC and FR-CVC), fiber-reinforced 
superworkable concrete (FR-SWC), and self-consolidating concrete with/without fibers (SCC 
and FR-SCC). These mixtures were used to make a total o f  28 beams including 13 monolithic 
and 15 repaired full-scale beams. All the repair beams were made with CVC in the top two- 
third beam height and with SCC, FR-SCC, or FR-SCM in the bottom third beam height. Four 
fiber types (monofilament and multifilament synthetic fibers, hybrid o f  crimped steel and 
micro polypropylene fibers, and hooked-end steel fibers) were used in two volumes o f  0.3% 
and 0.5% for FR-SCC and 1.4% for the only one FR-SCM used with steel fibers.
From the forgoing results in this chapter, the main findings o f  this investigation are 
summarized below.
9.18.1 Workability of concrete
The repair self-consolidating mixtures, except the SCC, including the long multi-filament 
synthetic fibers with L j o f 50 mm (CA content o f 715 kg/m3), were able to flow along the 
repair zone measuring 3.2 m in length through the steel reinforcement without any mechanical 
consolidation and risk o f blockage. These mixtures fulfilled all the passing ability, filling 
capacity, and stability requirements, and achieved adequate workability retention over time.
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Fibers with maximum L j  and Vj o f 40 mm and 0.5%, respectively, are recommended to 
achieve self-consolidation without blockage. The maximum L f should be at most equivalent to 
the narrowest spacing between the formwork and the steel reinforcement and should not 
exceed one third o f the repair thickness.
9.18.2 Repair technique
The investigated fiber-reinforced self-consolidating mixtures were found to be suitable for 
repair applications. Except for long fibers o f 50 mm in length and high Vf where some 
consolidation was applied, the FR-SCC was able to flow horizontally under its own weight 
without surface defects and blockage.
9.18.3 Mechanical properties
1. The FR-SCC had adequate mechanical properties with compressive strength ranging 
between 40 to 55 MPa. For purpose o f  workability, strengths, and durability, a typical 
percentage o f 30% o f the cement was replaced by supplementary cementitious materials. 
Fibers contributed in enhancing the f ’sp and f r at 180 d by 6% to 31% and up to 22%, 
respectively compared to non-fibrous SCC. However, the relative Ec varied between -12% 
and 3% due to reduction in coarse aggregate content compared to SCC.
2. The FR-SWC mixtures were characterized by a decrease o f  approximately 5% in HRWRA 
demand, higher mechanical strengths at 180 d (6% to 12%, 10% to 20%, up to 4%, and 
form 6% to 17% for f c, f sp,fr,  and Ec, respectively, compared to their corresponding FR- 
SCC with the same composition. FR-SWCs were prepared with application o f low 
mechanical consolidation.
3. FR-SCM was characterized by low modulus o f  elasticity but provided the same range o f 
f ’c f ’sp, and fr with the FR-SCC mixtures.
9.18.4 In-situ compressive strength
1. The mean ratio o f  core-to-cylinderf ’c for monolithic beams made with FR-SCC was 0.99 
with uniform values between the casting end and the opposite end.
247
Chapter 9: Flexural response and durability
2. The mean ratio o f core-to-cylinder f ' c for monolithic beams made with FR-SCC ranged 
between 0.83 and 0.86 with higher ratio in the casting point. When FR-SCC was used as 
repair material, this ratio varied between 0.93 and 0.96. The highest ratio also belonged to 
the casting point due to self-confinement under proper weight in this point.
9.18.5 Porosity, RCP, and drying shrinkage of beam concrete
1. FR-SCC used for repair better durability than the conventional concrete in terms o f RCP 
(reduction o f up to 90%) and porosity (reduction o f up to 25%).
2. FR-SWC provided lower total porosity, RPC and drying shrinkage compared to FR-SCC 
(decreases o f  2% to 14%, 34% to 37%, and 7% to 21%, respectively).
3. SCM with steel fibers used for repair was characterized by the highest porosity and drying 
shrinkage (increase o f 45% and 62%, respectively) compared to SCC without fibers.
9.18.6 Structural properties
a. Monolithic beams of SCC vs. reference CVC: The self-consolidating monolithic beams 
had higher structural properties than monolithic beam o f CVC due to the singular/combined 
effect o f  concrete/concrete with fibers in SCC or FR-SCC, respectively. The mechanical loads 
and crack width were enhanced (reduced) up to 56% and 76%, respectively. Using the close- 
loop-area values, the overall performance can increase up to 570%.
b. SCC vs. corresponding CVC in monolithic beams: The effect o f  the cementitious matrix 
is clear between SCC mixtures with/without fibers and to their corresponding mixtures o f 
CVC with/without fibers in the set o f monolithic beams. The use o f  SCC consistencies led to 
an increase in the overall performance up to 280%. This difference is due to the mix design 
(w /b , cement type/content, use o f chemical admixtures, etc.).
c. FR-SWC vs. FR-SCC in monolithic beams: Decrease in the slump flow consistency with 
less HRWRA demand and application o f  some mechanical consolidation can result in a mean 
enhancement o f overall performance o f 35% compared to mixtures o f  SCC consistencies with 
the same composition in the set o f monolithic beams. The application o f  low level o f 
mechanical consolidation enhanced (reduced) the porosity and evacuated some entrapped air
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in FR-SWC. These mixtures are suitable for the infrastructure construction with higher cost 
efficiency compared to FR-SCC.
d. Repair beams vs. reference CVC Despite their composition o f  two different layers and 
cast in a margin o f time, all the repair beams provided higher relative overall performance (up 
to 220%) compared to the reference monolithic beam o f CVC. The repair beams were capable 
to restore completely the initial load carrying capacity o f the reference CVC beam. Despite the 
absence o f coarse aggregate in the only one used FR-SCM as a repaired material, this beam 
had higher performance (3 times) o f the reference monolithic beam o f CVC, due mainly to the 
use o f high Vj o f high performance.
e. Repair beams vs. monolithic beams: Fibers with Vf o f  0.3% and 0.5% in SCC used for 
repair beams can in most cases replace 50% o f additional steel reinforcement in section 
repaired with the same concrete type. Fibers can enhance the crack appearance, toughness, and 
stiffness (up to 40%, 40%, and 15%, respectively) compared to additional 50% o f steel 
reinforcement. With higher f/(1 .4 % ) in SCM, fibers also enhance (decrease) crack width up 
to 50% compared to additional 50% o f steel reinforcement.
f. Fibers vs. 50% additional steel reinforcement: Monolithic beam can loss up to 75% o f 
their capacity if  replaced by beams made with CVC in the top % thickness o f  cross-section and 
bottom 'A thickness o f cross-section. Even though, the latter still have higher structural 
capacity up to 220% compared to monolithic beam made o f  CVC.
A maximum fiber volume o f 0.5% can compromise between workability requirement, 
adequate structural performance, and cost efficiency o f  the repair procedure.
Fibers with better characteristics result in better structural performance in either construction 
or repair o f  infrastructures.
9.18.7 Cost efficiency of beam concrete
The repair o f  concrete infrastructure with relatively higher cost FR-SCC than CVC and SCC 
(2.1-6.4 times and 1.3-1.9 times, respectively, in both monolithic and repair beams) can be 
justified by higher structural performance (1.5-3.3 times and 1.3-2.9 times, respectively). It 
can also be justified by better durability and easier construction and faster placement 
compared to CVC.
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CHAPTER 10 STRUCTURAL PREDICTIONS IN FLEXURE
10.1 Introduction
In this chapter, prediction o f some o f the structural properties o f the investigated monolithic 
and repair beams made with and without fibers is undertaken based on the results presented in 
the previous chapter. Structural properties involved crack load, ultimate load, crack width, and 
deflection.
10.2 Prediction of crack load
ACI 318 [2011], ACI 544 [2011], and CSA A23.3 [2004] provide different theoretical 
calculations that can be used to determine crack load o f concrete made with and without 
fibers.
10.2.1 ACI 318 [2011] and CSA A23.3 [2004] Codes
The prediction o f crack width o f concrete beam can be expressed as follows:
f . r -  0 . 6 2 y [ f \  ACI 318 [2011] (10-1)
f „  = O.b^/TT CSA A23.3 [2004] (10-2)
(10-3)
/ - “ I  (10-4)
12
r = |  do-5)
From the theory o f  moments ( 'EM = 0):
P  2 M
M c r = \ . 0 5 - * - = > P cr = -----^  (10-6)
2 1 1.05
where:
f Cr. cracking strength in the tensioned part o f  the beam (modulus o f rupture);
f ’c: compressive strength value in the tensioned part o f the beam at flexural test age
(compressive strength o f the repair concrete in the case o f  the repair beams);
P cr'- load corresponding to the first crack appearance;
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M cr\ moment o f cracking.
The f cr value o f the strength o f cracking was compared to the experimental value obtained 
from the graph load-strain o f  the steel bars or load-deflection, or from direct observation.
It is obviously that the depth o f  the neutral axis shrinks when the beam contains two different 
materials (repair beams) rather than one material (monolithic beams), as illustrated in Fig. 10.1.
f ' c
___________ N.A. (repaired beams)
___________  N.A. (monolithic beams)
fc r
Fig. 10.1 Neutral axis positions in monolithic and repaired beams
10.2.2 ACI 544 [2011] Code
f cr = 0.843f . V m + 425 Vf Lf / d f  (10-7)
Vm = \ - V f  (10-8)
with
f r -  first-crack composite strength, psi;
f  \ stress in the matrix (modulus o f rupture o f the plain mortar or concrete, psi, obtained from 
the ASTM C 78 test on 100x100x400 mm beams);
Vm: volume fraction o f the matrix;
Vf volume fraction o f  the fibers;
L / td f .  ratio o f  the length to diameter o f  the fibers (aspect ratio).
The calculation results o f the crack load prediction using the three codes are collected in 
Tables 10.1 to 10.3. Table 10.4 sumerizes the results obtained from these three tables. The 
ACI 318 [2011] equation overestimates crack load o f  beams made with plain concrete in both 
the monolithic and repair beams with a mean P  exp/P  a c / s i x  o f 0.91 and 0.86, respectively. The
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CSA A23.3 [2004] also overestimates crack load o f  the previous beams. However, these codes 
underestimate the crack load o f both fibrous monolithic and repair beams, regardless o f the 
concrete type (CVC, SWC, or SCC). The mean P exf/ P  a c b is  is 1.15 and 1.07, for the two sets 
o f  beams, respectively. These results were expected regarding the effect o f fibers in delaying 
crack appearance in the fibrous concrete beams compared to beams made with non-fibrous 
concrete. In both cases o f  plain and fibrous beams, the mean ratio o f experimental-to- 
theoretical crack loads is shown to have lower values in the case o f the monolithic beams. 
These results were also expected because the repair beams lost some o f  the entire load 
carrying capacity compared to the monolithic beams.
Comparing the two code predictions, it can be seen that the ACI 318 [2011] code was more 
accurate in predicting crack load o f  the fibrous beams and the CSA A.23.3 [2004] code was 
more accurate for the plain beams, regardless o f the monolithic or repair beam type. The 
values for the coefficients o f variation (COV) were high in the case o f  fibrous beams given the 
higher variety o f  the concrete mixtures in use. The ACI 544 [2011] code overestimates the 
crack load o f  all beam types, monolithic and repair beams, and fiber-reinforced and plain 
concrete, as indicated in Table 10.2. The degree o f  overestimation is higher in the case o f  the 
repair beams (mean Mean P exf/  Paci544 o f 0.60 vs. 0.72 for monolithic beams) due to the 
difference in general perofrmance between beams o f the two sets. On the other hand and 
though the consideration o f  fiber characteristics (d j, Lj, and Vj) in ACI 544 [2011], generally 
there was no difference in crack load prediction between the plain beams and the fibrous ones 
for both the monolithic and repair beams .
The same calculation results o f crack load predictions mentioned in Tables 10.1 to 10.3 are 
also presented in Tables D .l to D.3 o f  Appendix D, i.e. plain beams vs. fibrous beams, 
regardless o f  their use in monolithic or repair beam fabrication.
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Table 10.1 Prediction results o f  crack load according to ACI 318 code (monolithic vs. repair
beams)
Beam
Calculation
Oh
S
00
< fc
r,
80 
{M
Pa
)
|
S3
Z
oo
rr> |
&
a*
Oo
8
a.
OO***
8
a,
Uv
s Q CO
V 
(%
)
oo
8
§
3 SD
 
(%
)
C
O
V
M
-B
(a)
CVC 37.8 3.8 25.4 48.4 45 0.93
0.91 0.04 4
1.07 0.23 22
CVC 1 37.8 3.8 25.4 48.4 45 0.93
SCC 56.3 4.7 31.0 59.1 55 0.93
SCC 1 61.5 4.9 32.4 61.7 53 0.86
(b)
CVC MU-S 0.5% 36.1 3.7 24.8 47.3 41 0.87
1.15 0.25 22
CVC ST 0.5% 42.5 4.0 26.9 51.3 63 1.23
MO-S 0.5% 55.4 4.6 30.8 58.6 58 0.99
SWC MU-S 0.5% 67.9 5.1 34.1 64.9 80 1.23
MU-S 0.5% 61.1 4.8 32.3 61.5 70 1.14
ST-PP 0.5% 56.0 4.6 30.9 58.9 58 0.98
SWC ST 0.5% 59.0 4.8 31.7 60.5 105 1.74
ST 0.5% 55.3 4.6 30.7 58.5 60 1.02
ST 0.5% 1 63.9 5.0 33.0 62.9 70 1.11
(a)
SCC 57.0 4.7 31.2 59.4 50 0.84
0.86 0.04 4SCC 1 61.4 4.9 32.4 61.7 56 0.91
SCC3 2 57.0 4.7 31.2 59.4 50 0.84
MO-S 0.3% 56.9 4.7 31.2 59.4 56 0.94
MO-S 0.5% 61.1 4.8 32.3 61.5 58 0.94
MU-S 0.3% 42.9 4.1 27.1 51.6 65 1.26
MU-S 0.3% 1 50.2 4.4 29.3 55.8 73 1.31
CQi
ck MU-S 0.5% 60.6 4.8 32.2 61.3 59 0.96 1.03 0.15 15
MU-S 0.5% 1 60.6 4.8 32.2 61.3 78 1.27 1 A7 A 1/1 1 1\P ) ST-PP 0.3% 58.1 4.7 31.5 60.0 55 0.92
l.U / U .14 13
ST-PP 0.5% 55.1 4.6 30.7 58.4 57 0.98
ST 0.3% 55.4 4.6 30.8 58.6 65 1.11
ST 0.5% 53.3 4.5 30.2 57.5 60 1.04
ST 0.5% 1 49.5 4.4 29.1 55.4 55 0.99
SCM ST 1.4% 53.5 4.5 30.2 57.6 62 1.08* .........  1...................................■*  -----*■ —— -1...-.-...*.-.-..-.*r.-.-.....  *■..  J' ... ....■""*.........*........■'"*
( a ) : Non-fibrous beams (b) : Fibrous beams Identical beam with previous one 
2 Beam repaired with 3><20M bars (50% additional steel reinforcement)
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Table 10.2 Prediction results o f  crack load according to ACI 544 code (monolithic vs. repair
beams)
Beam
Calculation
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CVC 4.1 27.5 52 45 0.86
(a)
CVC 1 4.1 27.5 52 45 0.86
0.74 0.14 18
SCC 6.8 45.5 87 55 0.63
SCC 1 6.8 45.5 87 53 0.61
CVC MU-S 0.5% 5.9 39.7 76 41 0.54
CQ1
CVC ST 0.5% 5.3 35.6 68 63 0.93
MO-S 0.5% 7.9 52.5 100 58 0.58 0.72 0.15 21
SWC MU-S 0.5% 8.9 59.2 113 80 0.71
( b ) MU-S 0.5% 7.8 52.0 99 70 0.71 0.71 0.16 23
ST-PP 0.5% 6.4 42.6 81 58 0.71
SWC ST 0.5% 8.1 54.0 103 105 1.02
ST 0.5% 7.8 51.8 99 60 0.61
ST 0.5% ' 9.4 62.4 119 70 0.59
SCC 6.8 45.5 87 50 0.58
(a) SCC 1 6.8 45.5 87 56 0.65 0.60 0.04 7
SCC3 2 6.8 45.5 87 50 0.58
MO-S 0.3% 8.0 53.5 102 56 0.55
MO-S 0.5% 7.9 52.4 100 58 0.58
MU-S 0.3% 8.0 53.6 102 65 0.64
MU-S 0.3% 1 7.3 48.6 93 73 0.79
R
-B MU-S 0.5% 9.6 63.7 121 59 0.49 0.60 0.09 15
( b )
MU-S 0.5% 1 9.6 63.7 121 78 0.64
0.60 0.10 16ST-PP 0.3% 7.4 49.3 94 55 0.59
ST-PP 0.5% 6.4 42.6 81 57 0.70
ST 0.3% 7.4 49.2 94 65 0.69
ST 0.5% 8.6 57.1 109 60 0.55
ST 0.5% 1 8.6 57.1 109 55 0.51
SCM ST 1.4% 10.6 70.5 134 62 0.46
( a ) : non-fibrous beams ( b ) : fibrous beams Identical beam with previous one 
2 Beam repaired with 3 X20M bars COV: coefficient o f variation SD: standard deviation
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Table 10.3 Prediction results o f crack load according to CSA A23.3 (monolithic vs. repair
beams)
Beam
Calculation
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CVC 37.8 3.7 24.6 46.8 45 0.96
(a)
CVC 1 37.8 3.7 24.6 46.8 45 0.96
0.94 0.04 4
SCC 56.3 4.5 30.0 57.2 55 0.96
SCC 1 61.5 4.7 31.4 59.8 53 0.89
CVC MU-S 0.5% 36.1 3.6 24.0 45.8 41 0.90
CQ1
CVC ST 0.5% 42.5 3.9 26.1 49.7 63 1.27
MO-S 0.5% 55.4 4.5 29.8 56.7 58 1.02 1.11 0.24 22
SWC MU-S 0.5% 67.9 4.9 33.0 62.8 80 1.27
(b) MU-S 0.5% 61.1 4.7 31.3 59.6 70 1.18 1.18 0.26 22
ST-PP 0.5% 56.0 4.5 29.9 57.0 58 1.02
SWC ST 0.5% 59.0 4.6 30.7 58.5 105 1.79
ST 0.5% 55.3 4.5 29.7 56.7 60 1.06
ST 0.5% 1 63.9 4.8 32.0 60.9 70 1.15
SCC 57.0 4.5 30.2 57.5 50 0.87
(a) SCC 1 61.4 4.7 31.3 59.7 56 0.94 0.89 0.04 4
SCC3 2 57.0 4.5 30.2 57.5 50 0.87
MO-S 0.3% 56.9 4.5 30.2 57.5 56 0.97
MO-S 0.5% 61.1 4.7 31.3 59.6 58 0.97
MU-S 0.3% 42.9 3.9 26.2 49.9 65 1.30
R
-B
MU-S 0.3% 1 50.2 4.3 28.3 54.0 73 1.35
MU-S 0.5% 60.6 4.7 31.1 59.3 59 0.99 1.06 0.16 15
(b)
MU-S 0.5% 1 60.6 4.7 31.1 59.3 78 1.32 1.10 0.15 13
ST-PP 0.3% 58.1 4.6 30.5 58.1 55 0.95
ST-PP 0.5% 55.1 4.5 29.7 56.6 57 1.01
ST 0.3% 55.4 4.5 29.8 56.7 65 1.15
ST 0.5% 53.3 4.4 29.2 55.6 60 1.08
ST 0.5% 1 49.5 4.2 28.1 53.6 55 1.03
SCM ST 1.4% 53.5 4.4 29.3 55.7 62 1.11 -
( a ) : non-fibrous beams ( b ) : fibrous beams Identical beam with previous one 
2 Beam repaired with 3><20M bars COV: coefficient o f  variation SD: standard deviation
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Table 10.4 Summary o f  crack load prediction values from different code equations
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CQ 4 Plain 0.91 4
1.07 22
0.74 18
0.72 21
0.94 4
1.11 22s 9 Fibrous 1.15 22 0.71 23 1.18 22
CQ 3 Plain 0.86 4 1.03 15
0.60 7
0.60 15
0.89 4
1.06 15DC 12 Fibrous 1.07 13 0.60 16 1.10 13
10.3 Prediction of ultimate load
The theoretical flexural strength o f  the repair beams can be calculated assuming composite 
behavior and linear strain distribution in the beam, as shown in Fig. 10.2. This is similar to the 
ACI 318 [2011] ultimate strength design method considering the extra tensile strength o f the 
fibrous concrete and adding the strength provided by the reinforcing steel to obtain flexural 
strength. The ultimate flexural capacity o f  the beam can be calculated as follows:
,0.85 f
Neutral axis
ss (Fibers) 
es (Bars)
Cross-section Internal forces Strain disnbution
Fig. 10.2 Stress and strain variation in FR-SCC repaired beams (ACI 544 with some
modifications)
M u = A J V
a
+  A f y
a
' V 1 2  2 2
(10-9)
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L t
<Tt = 0 .00772— V jF hi, (10-10)
d  t
where:
A s : area o f tension reinforcement;
A ’s: area o f compressive reinforcement; 
a\ depth o f  rectangular stress block; 
b: width o f the beam;
d: distance from extreme compression fiber to centroid o f tensile steel reinforcement (mm); 
d ':  distance from extreme compression fiber to centroid o f  compressive steel reinforcement; 
e: distance from extreme compression fiber to the top o f  fibrous concrete;
F(,e: bond efficiency o f  the fiber which varies from 1.0 to 1.2 depending upon fiber
characteristics (HENAGER et al. [1976]).
fy . yield stress o f  tensile steel reinforcement;
f ly .  yield stress o f  compressive steel reinforcement;
h\ overall thickness o f the beam;
L/, df, and V/. fiber length, fiber diameter, and fiber volume (%), respectively. 
ert: tensile stress o f fibrous concrete (MPa);
Equation (10-9) was used to calculate the flexural capacity o f the test beams considering the 
effect o f fibrous concrete o f the repair layer, which was 125 mm for all FR-SCC repaired 
beams. The predicted ultimate capacities o f the beams and comparison with the experimental 
capacities are given in Table 10.5. It can be seen that Eq. (10-9) provides reasonable, 
conservative, and consistent prediction o f the ultimate flexural capacity o f  the test beams. The 
mean P i j expl  P u c a k  is 1-52 with a coefficient o f variation o f  7%. Considering only the repair 
beams, the mean P a  exfJ  P u  calc is 1.46 with a coefficient o f variation o f  5%. Table 10.5 
provided consistent and logic results between monolithic and repair beams, and plain beams vs. 
fibrous beams in both sets o f monolithic and repair beams.
The calculation results o f  ultimate load predictions mentioned in Table 10.5 are also presented 
in Table D.4 o f  Appendix D, i.e. plain beams vs. fibrous beams, regardless o f  their use in the 
monolithic or repair beams.
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Table 10.5 Prediction results o f  ultimate load o f the investigated beams
Beam
Calculation
|
ft?
C
8
ft?
ft?
1
<C
8
ft,
8
S
ft,
>
o?
1
a?
>
a?
Ua
s
Q
t/D CO
V 
(%
)
1
a?
>
a?
§
s
Q
s©0 s'w '
>
o
u
1
a?
>
a?
8u
s Qt/3 CO
V 
(%
)
CVC 216 — 144 1.50
(a)
CVC 1 224 — 144 1.56
1.53 0.03 2
SCC 219 1.00 145 1.51
SCC 1 223 1.01 145 1.54
CVC MU-S 0.5% 239 1.09 149 1.60
CQ1y
CVC ST 0.5% 252 1.15 153 1.65
MO-S 0.5% 252 1.15 158 1.59 1.59 0.05 3
SWC MU-S 0.5% 261 1.19 156 1.67
(b) MU-S 0.5% 242 1.10 155 1.56 1.62 0.03 2
ST-PP 0.5% 249 1.13 152 1.64
SWC ST 0.5% 254 1.15 154 1.65
ST 0.5% 248 1.13 154 1.61
ST 0.5% 1 246 1.12 154 1.60
SCC 230 1.05 144 1.60 1.52 0.10 7
(c) SCC 1 214 0.97 145 1.48 1.43 0.19 13
SCC3 2 267 1.21 219 1.22
MO-S 0.3% 206 0.94 149 1.38
MO-S 0.5% 213 0.97 152 1.40
MU-S 0.3% 224 1.02 148 1.51
CQ1
oi
MU-S 0.3% 1 233 1.06 148 1.57
MU-S 0.5% 224 1.02 150 1.49 1.46 0.10 7
(d)
MU-S 0.5% 1 226 1.03 150 1.51
1.47 0.07 5
ST-PP 0.3% 216 0.98 147 1.47
ST-P 0.5% 204 0.93 148 1.38
ST 0.3% 230 1.05 148 1.55
ST 0.5% 227 1.03 150 1.51
ST 0.5% 1 207 0.94 149 1.39
SCM ST 1.4% 224 1.02 159 1.41
Double beam 
2 Beam repaired with 3*20M  bars 
Pucont. ultimate load o f  the control beam (CVC)
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10.4 Prediction of crack width
10.4.1 CSA A23.3 (2004] Code
The CSA A23.3 [2004] code requires the computation o f  a crack control parameter z rather 
than explicit computation o f the crack width, as follows:
f25000 N/mm for exterior exposure 
z < \  F (10-12)
[30000 N/mm for interior exposure
This parameter is based on an empirical equation proposed by GERGELY-LUTZ [1968]:
The above limits o f  z correspond to the crack width limit mentioned below, respectively:
hr. distance from the neutral axis to the centroid o f  the tension reinforcement; 
hi', distance from the neutral axis to extreme tension fiber;
fs: stress in the steel reinforcement at specified load, calculated by elastic cracked section 
theory;
d c: thickness o f concrete cover measured from extreme tension fiber to the center o f  the 
nearest longitudinal bars;
A : effective tension area o f  concrete that surrounds the main tension reinforcement and has the 
same centroid as the reinforcement, divided by the number o f bars.
10.4.2 ACI 318 [2011] Code
ACI 318 [2011] building code recommends a method for distributing flexural reinforcement to 
control flexural cracking in beams and one-way slabs. The code controls the spacing, s ,  
between the reinforcing bars to not exceed that given by the following equation:
( 10- 11)
w = 11 j3fs ^ jdcA  x 10 6 (considering Es = 200 000 MPa) (10-13)
(10-14)
P  =  h2 / h , (10-15)
where
5 =
95000
(10-16)
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This equation was derived based on a maximum crack width o f 0.4 mm for all exposure 
conditions.
The results o f crack width predictions using the aformenetioned codes are presented in Table 
10.6. In general, prediction o f  the crack width is more accurate with ACI 318 [2011] than with 
CSA A23.3 [2004], with mean experimental-to-theoretical crack widths (w  exp! w  ,heo) o f 0.77 
and 0.62, respectively. However both codes provided conservative crack width predictions for 
all beam types made with/without fibers, for both the monolithic and repair beams. Crack 
width o f the monolithic beams was better predicted than that for the repair beams using the 
two codes o f ACI 318 (mean w  exp! w  ,heo o f 0.81 vs. 0.73, respectively) and CSA A.23.3 
(mean w  exp/ w  theo o f 0.66 vs. 0.59, respectively), i.e. spreads o f 8% and 7%, respectively. This 
is not expected and may be interpreted by formation o f higher number o f  cracks in the repair 
beams with smaller widths than in the monolithic beams, as shown in the crack pattern (Figs 
9.79 and 9.80).
For each case o f  the monolithic or repair beams, crack width predictions o f the plain beams 
were less overestimated, i.e. more accurate prediction than the fibrous beams (spreads o f 26% 
and 29% with both codes for the monolithic and repair beams, respectively) sipce these code 
equations were designed for non-fibrous concrete. The effect o f  fibers was evident in reducing 
cracking in the tension zone.
The calculation results o f  crack width predictions mentioned in Table 10.7 are also presented 
in Table D.5 in Appendix D, i.e. plain beams vs. fibrous beams, regardless o f their use in 
monolithic or repair beams.
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Table 10.6 Prediction o f  crack width using ACI 318 and CSA A23.3 codes (monolithic
repair beams)
vs.
Beam
Calculation
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CVC 1.32 1.07
(a)
CVC 1 0.80
1.01 22 0.65 0.82 22
SCC 1.01 0.82
SCC 1 0.92 0.74
CVC MU-S 0.5% 0.57 0.46
M
-B
CVC ST 0.5% 1.07 0.87
MO-S 0.5% 1.14 0.81 46 0.92 0.66 46
SWC MU-S 0.5% 0.42 0.34
(b) MU-S 0.5% 1.23 0.72 56 0.99 0.58 56
ST-PP 0.5% 0.98 0.80
SWC ST 0.5% 0.67 0.54
ST 0.5% 0.22 0.18
ST 0.5% 1 0.18 0.15
SCC 0.50 0.40
(a) SCC 1 1.73 0.92 75 1.40 0.75 75
SCC3 1 0.55 0.44
MO-S 0.3% 0.66 0.54
MO-S 0.5% 0.50 0.41
MU-S 0.3% 0.94 0.77
R
-B
MU-S 0.3% 1 0.83 0.67
MU-S 0.5% 1.23 0.73 54 1.00 0.59 54
(b)
MU-S 0.5% 1 0.18 0.68 47 0.14 0.55 47
ST-PP 0.3% 0.94 0.76
ST-PP 0.5% 1.02 0.82
ST 0.3% 0.65 0.53
ST 0.5% 0.60 0.49
ST 0.5% ' 0.42 0.34
SCM ST 1.4% 0.24 0.20
Identical beam with previous one 
(a): plain (non-fibrous) beams 
CO V: coefficient o f variation
3*20 M bars
(b): fibrous beams
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10.5 Prediction of deflection
Theoretically, the maximal deflection at mid-span o f a beam with two identical concentrated 
loads (Fig. 10.3) is given by the following formula:
P a
A ... =-
4 8 £ 7 .
-(3 L 2 - 4 a 2) (10-17)
PI 2 PI 2
K
¥ - ¥
~ A
- k
¥ -
Fig. 0.3 Loading system
where P  is the total applied load, Ec is the modulus o f elasticity o f the concrete, and Ie is the 
effective moment o f inertia o f the concrete section, which can be calculated from Eq. (10-18) 
proposed by BRANSON [1977] and adopted by CSA A23.3 [2004]:
/  = f  M r )
3 3 '
c 1- cr
1 * 0
K K M  a y
L .  < (10-18)
where M cr and M a (in N.mm) are the cracking and applied moments, respectively; Ig and Icr 
are the moment o f  inertia o f gross concrete section and the moment o f  inertia o f  cracked 
section o f concrete, respectively.
The applied moment, M a (maximum moment in a component at the stage for which 
deformation is computed) and the cracking moment, M cr, can be given by the following 
equations:
P
M a = ^ . a  
0 2
=
f r h or
P,r
(10-19)
(10-20)
-.a
The modulus o f rupture o f concrete can be computed as follows:
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fr
0.6/ly/f \  (MPa) according to CSA - A23.3 [2004]
0.62 A y [ f \  (MPa) according to A C I318[2011]
0 .6377V  (MPa) according to AASHTO [2005] for fc < 105 MPa 
and normal - density concrete
0 .9 4 7 7 V  (MPa) according to ACI 363 [2011 ] for 21 MPa < f c <83 MPa 
(Lightweight and normal weight high strength concrete)
X is a factor to account for low-density concrete (X = 1 for normal-weight concrete);
( 10-21)
The moment o f inertia o f gross concrete section Ig is given by:
= W _
*  ~  12
where h is overall thickness or height o f  member and b  is width o f member.
( 10-22)
The distance from the centroidal (neutral) axis o f  section to the extreme fiber in tension, Y, (in 
mm) is:
» -  
'  2
(10-23)
According to ACI 318 [2011] and CSA A23.3 [2004], the moment o f  inertia o f a cracked 
concrete section (Icr) is given by the following equation: 
b d 3
= ■ ■k3 +  nAsd 2( \ - k ) 2 (10-24)
where k  is effective length factor given by:
k =  -y jlpn  + (p n )2 -  p n  (10-25)
and d  is the distance from the extreme compression fiber to the centroid o f  the tension 
reinforcement for the entire composite section.
The ratio o f  non-prestressed tension reinforcement p  is:
The surface o f  concrete A c is:
Ah =  b d
n =
E .
(10-26)
(10-27)
(10-28)
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The modulus o f elasticity o f concrete, Ec, ( if  not measured experimentally) can be calculated 
according to CSA A23.3 [2004] by the following relationship:
E, =
(3300^/77 + 6900)
f  \ ' - 5 
(  7c
2300 (10-29)
for 1500 kg/m3 < y c < 2500 kg/m3
4 5 0 0 * 7 7  f° r normal weight concrete with 20 MPa < f \ .  < 40 MPa
The modulus o f elasticity o f concrete can also be evaluated using the model proposed by ACI 
318 [2011] as follows:
0-043y7 5V 7  (MPa) for 1442 kg/m3 < y L <  2563 kg/m3 
4700*77 (MPa) for normal weight concrete 
The standard AASHTO .LRFD [2005] evaluates the modulus o f  elasticity as follows: 
k { y \ 5 0.043*77 (MPa) fo ri 440 < y c <  2500 kg/m3 kg/m3
E  = (10-30)
4 8 0 o 7 7  (MPa) for normal density concrete with y c = 2320 kg/m3
(10-31)
where ki is a correction factor for source o f  aggregate to be taken as 1.0 unless determined by 
physical test, and as approved by the authority o f jurisdiction, and yc is concrete density which 
can be evaluated if  not measured by the following formula: 
yc = 2240 + 2.29 f c (35 < f 'c <  105 MPa)
According to ACI 363-92 (Reapproved 1997) [2012], the modulus o f  elasticity o f  lightweight 
and normal weight high strength concrete can be evaluated by the following equation:
E c =  3 3 2 o 7 7 + 6900 (MPa) for 21< f ’c < 83 MPa (10-32)
The modulus o f elasticity o f reinforcement E s =  200 GPa.
Deflections o f  the whole investigated beams were predicted at six service load levels (50 kN, 
75 kN, 100 kN, 125 kN, and 60% o f yield load) for each beam, using the four aforementioned 
codes. The predition results are presented in Table 10.7. A typical beam o f the reference 
monolithic beam made with CVC was chosen to illustrate the different correlations between 
the actual and theorethical deflections using the various codes (Fig. 10.4). All the used code 
models, namely AASHTO LFRD [2005], ACI 318 [2011], ACI 363 [2011], and CSA A23.3 
[2004] provided unconservative deflections with mean A exp! A ,heo ratios (for the whole
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investigated beams) o f 1.37, 1.38, 2.12, and 1.34, respectively. This is mainly due to the fact 
that these codes where basically designed for normal concretes with higher coarse aggregate 
contents than the investigated beams where the majority o f  the self-consolidating mixtures was 
used. The latter concrete mixtures were characterized by low coarse aggregate content that can 
increase deflection. This is clear from the deflection predictions (Table 10.7) o f the three 
reference monolithic beams made o f  CVC with/without fibers and the rest o f  monolithic 
beams (Mean AeXp/Atheo o f 1.08 vs. 1.36 for AASHTO [2005], 1.10 vs. 1.31 for ACI 318 [2011],
1.60 vs. 2.03 for ACI 363 [2011], and 1.11 vs. 1.21 for CSA A.23.3 [2004]). Regardless o f  the 
code, the underestimation degree o f  the deflection prediction o f the repair beams is higher by 
14% to 26%, than the monolithic beams, which is totally acceptable given the structural 
performance o f  each beam set. For the monolithic beams, the CSA A23.3 [2004] provided the 
closest predictions, regardless o f  the concrete type and presence o f  fibers. For the repair beams, 
all codes except for the ACI 363 [2011] were in the same range o f underestimation o f  the 
deflection. The ACI 363 [2011] code provided did not provide predictable deflection results in 
all cases due the difference between the investigated mixtures and high-strength concrete. In 
both sets o f monolithic and repair beams, the underestimation degree o f  deflection was higher 
with the plain beams than with the fibrous beams by 11% to 36%, regardless o f the code. This 
results are consistant given the highest deflection o f the repair beams with lower performance 
compared to the monolithic beams. The standard deviations were high due to the variety o f 
mixture type in each beam set.
The calculation results o f deflection predictions mentioned in Table 10.7 are presented 
differently in Table D.6 o f Appendix D, i.e. plain beams vs. fibrous beams, regardless o f their 
use in monolithic or repair beams.
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150
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—  ACI 318 
---- ACI 363 
 SCA
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40 2 6 8
Deflection (mm)
Fig. 10.4 Typical correlations between experimental and theoretical deflections o f  reference
monolithic beams o f CVC
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Table 10.7 Prediction o f deflection using different codes (M-Bs vs. R-Bs)
Calculation AASHTO [2005] ACI 318 [2011]
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C73 CO
V 
(%
)
CVC 1.29 0.20 15 2.04 0.67 14
(a)
CVC 1 1.03 0.07 7
1.48 0.38 26
1.52 0.35 7
1.34 0.24 18
SCC 1.74 0.60 35 1.69 0.37 26
SCC 1 1.85 0.75 41 1.65 0.39 25
on CVC MU-S 0.5% 1.08 0.12 11 1.53 0.33 12
1> CVC ST 0.5% 0.90 0.11 13 1.03 0.06 24X
o MO-S 0.5% 1.43 0.37 26 1.15 0.11 26
X i
SWC MU-S 0.5% 1.21 0.32 27 1.45 0.30 26
oco (b) MU-S 0.5% 1.24 0.22 18 1.18 0.17 14 1.19 0.11 26 1.21 0.18 15
s ST-PP 0.5% 1.39 0.39 28 1.59 0.37 28
SWC ST 0.5% 1.05 0.16 15 1.64 0.40 14
ST 0.5% 1.09 0.19 18 1.29 0.20 17
ST 0.5% 1 1.25 0.43 34 1.28 0.20 33
Mean 1.27 0.30 22 1.25 0.27 21
SCC 2.04 0.67 33 1.97 0.63 32
(a) SCC 1 1.52 0.35 23 1.75 0.26 15 1.58 0.38 24 1.73 0.21 12
SCC3 2 1.69 0.37 22 1.65 0.35 21
MO-S 0.3% 1.65 0.39 24 1.94 0.53 27
MO-S 0.5% 1.53 0.33 22 1.59 0.36 23
C /3 MU-S 0.3% 1.03 0.06 6 1.07 0.09 8
<u MU-S 0.3% 1 1.15 0.11 10 1.21 0.13 11X>
-o MU-S 0.5% 1.45 0.30 21 1.45 0.30 21
u,»COexu
(b) MU-S 0.5% 1 1.19 0.11 10 1.38 0.26 19 1.19 0.11 9 1.43 0.27 19
ST-PP 0.3% 1.59 0.37 23 1.74 0.44 26
o i ST-PP 0.5% 1.64 0.40 24 1.68 0.42 25 *
ST 0.3% 1.29 0.20 16 1.40 0.25 18
ST 0.5% 1.28 0.20 15 1.30 0.20 15
ST 0.5% 1 1.24 0.14 11 1.32 0.17 13
SCM ST 1.4% 1.55 0.46 30 1.22 0.31 25
Mean 1.46 0.30 19 1.49 0.31 20
Identical beam with previous one Beam repaired with 3><20M bars 
(a): plain (non-fibrous) beams (b): fibrous beams
SD: standard deviation COV: coefficient o f variation
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Table 8.7 (cont’d) Prediction o f deflection using different codes (M-Bs vs. R-Bs)
Calculation 
Beam X .
ACI 363 [20111 CSA A23.3 [20 041
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(a)
CVC 2.01 0.76 38
2.21 0.50 23
1.26 0.16 13
1.31 0.22 17
CVC 1 1.59 0.50 31 1.03 0.11 11
SCC 2.59 1.28 49 1.44 0.34 24
SCC 1 2.64 1.19 45 1.53 0.37 24
(b)
CVC MU-S 0.5% 1.40 0.30 22
1.76 0.32 18
1.23 0.31 25
1.12 0.12 11
CVC ST 0.5% 1.41 0.35 24 0.92 0.18 19
MO-S 0.5% 2.15 0.87 40 1.30 0.22 17
SWC MU-S 0.5% 2.02 0.68 34 1.05 0.21 20
MU-S 0.5% 2.13 0.85 40 1.17 0.25 21
ST-PP 0.5% 2.02 0.76 38 1.23 0.17 14
SWC ST 0.5% 1.45 0.52 36 1.01 0.12 12
ST 0.5% 1.56 0.44 28 1.06 0.14 13
ST 0.5% 1 1.69 0.62 37 1.05 0.09 9
Mean 1.90 0.70 36 1.18 0.21 17
Re
pa
ire
d 
be
am
s
(a)
SCC 3.54 1.74 49
2.85 0.61 21
1.77 0.56 29
1.66 0.11 7SCC 1 2.58 1.04 40 1.55 0.34 22
SCC3 2 2.42 0.92 38 1.66 0.34 20
(b)
MO-S 0.3% 2.86 1.28 45
2.17 0.58 27
1.77 0.44 25
1.42 0.25 18
MO-S 0.5% 2.79 1.15 41 1.55 0.33 21
MU-S 0.3% 1.40 0.26 18 1.04 0.08 8
MU-S 0.3% 1 1.70 0.53 31 1.20 0.12 10
MU-S 0.5% 2.38 0.89 38 1.58 0.43 28
MU-S 0.5% 1 1.79 0.57 32 1.15 0.08 7
ST-PP 0.3% 2.79 1.27 45 1.79 0.42 23
ST-PP 0.5% 2.74 1.25 46 1.76 0.43 25
ST 0.3% 2.03 0.62 31 1.36 0.20 15
ST 0.5% 1.85 0.60 33 1.28 0.15 12
ST 0.5% 1 1.86 0.53 28 1.29 0.14 11
SCM ST 1.4% 1.86 0.62 33 1.28 0.24 19
Mean 2.31 0.88 37 1.47 0.29 18
(a): plain (non-fibrous) beams 
SD: standard deviation
(b): fibrous beams
COV: coefficient o f variation
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10.7 Conclusions
From the prediction results presented in this chapter that were derived using the different code 
models, the main findings are shown below.
10.7.1 Prediction of crack load
ACI 318 [2011] and CSA A23.3 [2004] codes gave conservative and acurate crack load 
predictions for the fibrous beams for both the monolithic and repair beams. However, these 
codes overestimated the crack load o f the plain beams for both types o f  test beams.
ACI 318 [2011] and CSA [2004] codes are more accurate to predict crack load o f fibrous 
beams and plain beams, respectively. ACI 544 [2011] provided unsafe prediction for the crack 
loads for all beam types. The degree o f prediction overestimation was higher in the case o f 
repair beams.
The crack load prediction o f beams repaired with FR-SCC was safe and underestimated by a 
mean P exp/Piheo ratio o f 1.07 and COV o f 14% when using the ACI 318 [2011] model.
10.7.2 Prediction of ultimate load
The prediction equations provide reasonable and conservative estimates o f the ultimate loads 
o f  the investigated beams. The mean experimental-to-theoretical value o f  the ultimate loads is 
in order o f 1.52 for all tested beams and 1.46 for the repair beams with a COV o f 7%.
The ultimate load o f the plain beams was better predicted than the fibrous beams in both the 
monolithic and repair sets o f  beams. The ultimate load prediction o f  beams repaired with FR- 
SCC was safe and underestimated by a mean Pex/Piheo ratio o f  1.47 and low COV o f 5%.
10.7.3 Prediction of crack width
ACI 318 [2011] code provides safe prediction o f the crack width for both the monolithic and 
repair beams and for both plain and fibrous beams.
The crack width prediction accuracy using the ACI 318 [2011] code is better with the plain 
beams than with the fibrous ones, regardless o f their use in monolithic or repair beams 
(spereads o f 26% to 29%).
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The overestimation degree o f the crack width prediction o f the monolithic beams is less by 8% 
compared to the repair beams.
The crack width prediction o f beams repaired with FR-SCC was safe and overestimated by a 
mean w exp/w,heo ratio o f  0.72 using ACI 318 [2011].
10.7.4 Prediction of deflection
The AASHTO LFRD [2005], ACI 318 [2011], ACI 363 [2011], and CSA A23.3 [2004] codes 
underestimated the deflection o f the investigated beams, including those made and repaired o f 
self-consolidating mixtures, with/without fibers.
CSA A.23.3 [2004] code represents the best model for predicting deflection o f the monolithic 
beams. For the repair beams, the AASHTO LFRD [2005], ACI 318 [2011], and CSA A23.3 
[2004] models yielded the same prediction level o f concretre deflection.
The deflection prediction o f  beams repaired with FR-SCC was non-conservative and 
underestimated by a mean Aex//A ,heo o f 1.37 and COV o f 16 using the AASHTO LFRD [2005] 
code.
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CHAPTER 11 FLEXURAL CREEP AND RELAXATION 
11.1 Introduction and objectives
Concrete infrastructures in Canada are often exposed to severe winter conditions with freeze- 
thaw cycles and de-icing salt exposure. These factors in addition to service loads can increase 
the risk o f cracking o f  repair materials, especially those subjected to tensile stresses. In this 
study, the flexural creep test o f beams repaired using SCC was investigated to evaluate the 
long-term behavior o f  the composite repair elements that can be subjected to flexural loading. 
The objective o f  the flexural creep test in this study also lies in evaluation o f  cracking capacity 
o f FR-SCC mixtures, as repair material, under a constant load for long term.
Six different mixtures were tested under flexural creep under constant loads over time up to 
470 d. This loads were increased gradually to different pre- and post-cracking levels in the 
first stage o f  loading, then the specimens were relaxed gradually at the same load levels.
11.2 Investigated mixtures
One FR-CVC mixture with steel fibers (CVC ST 0.5%) was chosen as a reference concrete. 
This mixture had the highest coarse aggregate content compared o f the self-consolidating 
mixtures that had lower aggregate content. The self-consolidating mixtures included one non- 
fibrous SCC, three FR-SCC, and one FR-SCM mixtures. The FR-SCC mixtures were prepared 
with synthetic fibers (without and with expansive agent) and the same steel fiber type and 
volume o f 0.5% used for CVC. The FR-SCM mixture was prepared with the same steel fiber 
used at 0.8% V/. The investigated mixtures and test parameters considered in this study are 
elaborated in Fig. 11.1. The mixture proportions are presented in Table 11.1.
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SCC
SCM ST 0.8%ST 0.5%MU-S 0.5% 4-
CVC ST 0.5%MU-S 0.5%-EA
Fig. 11.1 Mixtures prepared for flexural creep test
Table 11.1 Proportions o f  the investigated mixtures for flexural creep
\  Component 
Mixture
Content (kg/m 3) Dosage (L/m3)
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nd
10 
mm
 
M
SA
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R
W
R
A
V
M
A
A
EA
CVC ST 0.5% 175 350a — 710 1013° 39 — — 0.2
SCC — 785 791 — 5.9 0.3
MU-S 0.5% o n n
H /D
— 850 711 A  A 6.4 n  i
MU-S 0.5%-EA zuu 445b 30d 845 713 ^ ■ .0 6.8 U .  1 0.2
ST 0.5% 475” — 810 750 39 6.0
SCM ST 0.8% 280 665b — 1150 — 63 5.3 0.2 0.3
a GU cement 70% GU cement + 25% GGBS + 5% silica fume
c 20 mm MSA d 6% o f cement content
11.3 Casting of creep beams
For each mixture type, three identical beams were prepared. As shown in Fig. 11.2, two beams 
were superposed on the loading frame in a mirror system, and one beam was kept unloaded on 
two supports as a reference. In order to prevent cracking during manipulation and 
transportation, two longitudinal 10M bars were prepared for tension for each beam. Small 
cubic wooden chairs (20 mm) were put under the reinforcement bars to ensure a uniform cover. 
One strain gage was glued in the middle o f each bar (two strain gauges per beam).
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Tow 110-liter capacity mixers were used simultaneously for the testing o f the fresh properties, 
sampling o f test specimens, and casting the beams for flexural creep. The beams measured 
130x180x1800 mm and were placed in a form work that can enable the casting o f three 
specimens (Fig. 11.3). The casting o f  the beams did not necessitate any mechanical 
consolidation, except in the case o f the beam o f FR-CVC that was consolidated using a poker 
vibrator, as indicated earlier in Table 5.10.
Fig. 11.2 Beams, cylinders, and prisms in controlled room (23 ± 2°C and 50% ± 4% RH)
Fig. 11.3 Formwork used to cast beams for flexural creep
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11.4 Test methods and sampling
The workability o f the mixtures was evaluated using test methods described in Section 5.4, 
except for the surface settlement. As indicated in Table 11.2, 26 cylinders were cast for the 
testing o f mechanical properties and two prisms were prepared to evaluate drying shrinkage 
for each o f the evaluated mixtures. Sample dimensions and the consolidation methods for each 
specimen type are described in Tables 5.9 and 5.10, respectively.
11.5 Curing
The sampled cylinders remained for 24 h in laboratory conditions covered with plastic 
sheeting. They were then demolded and covered with wet burlap and plastic sheeting for 6 d. 
The samples were then transferred to a temperature-and humidity-controlled room at 23 ± 2°C 
and 50% ± 4% RH along with the beam specimens (Fig. 11.2). The curing o f the prismatic 
specimens for drying shrinkage was carried out as mentioned in Section 5.6.2.
Table 11.2 Specimens prepared per mixture
Age (d)
Test method 7 28 56 91 119 147 182 390 469
f c (ASTM C 39) 2 2 2 2 2 2 2
f sp (ASTM C 496) 2 2 2
Ec (ASTM C 469) 2 2 2
Drying shrinkage (ASTM C 157) Up to 390 d 2
Flexural creep and relaxation Up to 470 d 3
11.6 Flexural creep beam testing
The flexural creep beams measured 130 mm in width, 180 mm in height, and 1800 mm. The 
beams were designed for flexural failure rather than shear failure and were tested under four- 
point bending test, as indicated in Fig. 11.4. The beams were designed with one configuration 
o f reinforcement bars consisting o f two longitudinal 10M bars (Fig. 11.5). The characteristics 
o f the steel reinforcement are described in Section 9.3 and Fig. 9.5.
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Fig. 11.4 Four-point concrete flexural creep
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Fig. 11.5 Beam reinforcement
11.7 Preliminary preparations
11.7.1 Description of creep frames
As shown in Figs 11.6 and 11.7, the frame was designed to test beams in four-point flexural 
creep with a rigid testing frame composed o f  the following components:
a) horizontal base;
b) two supports for the horizontal base;
c) parallel columns for tightening and through which the position o f  the bolt varies 
according to the number o f  superposed beams to be tested from one to four beams;
d) upper beam;
e) lower beam;
f) bolt housing (g);
g) steel ball to adjust (h);
h) principal lever and tighten/loosen the distance between the set bolt-ball and (i);
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i) lower roller;
j)  secondary lever through which the position o f  the sustained load varies (1, 2, 3, or 4); 
k) load beam;
1) square plate suspended by (m); 
m) steel rod to carry (n); 
n) permanently sustained load; 
o) two stems linked by a chain (o); 
p) steel roller.
The load can be transmitted between the superposed parts o f frame using roller supports 25 
mm in diameter (p) surrounded by U or V-shaped plates (Fig. 11.8). These rollers were used 
to facilitate the rotation movement for deflection and ensure full contact between the frame 
components (frame base and lower beam, lower and upper beams, upper beam and load steel 
beam, and load steel beam and principal lever). The two beams were initially positioned at a 
distance o f 35 mm. Creep flexure deformation and cracking evolution were monitored for both 
beams and averaged values were considered in the analysis.
The principal and secondary levers were maintained horizontal and adjusted before any 
recording o f strain, deflection, or crack width during the creep testing (Figs 11.9 and 11.10). 
The principal lever has tendency to descend toward the secondary lever under the effect o f  the 
flexural creep over time. Simultaneously, the secondary lever has tendency to incline 
inversely. The principal lever can be adjusted horizontally using a bolt housing a rigid steel 
ball to facilitate rotation o f  the bolt (Fig. 11.11). The secondary lever can be adjusted using a 
system o f two threaded stems attached with a threaded ring; all is attached to the fixed base 
using a steel chain.
The applied load value can be altered with changing the sustained weight or the position o f  the 
weight. During loading, the distance between the two beams becomes narrower at mid-span 
due to the symmetric deflection (Figs 11.12 and 11.13).
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Fig. 11.6 Four-point concrete flexural creep in m irror fashion
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*
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Fig. 11.7 Representation o f  the applied loads on tested pair o f beams
Fig. 11.8 Roller supports between the frame components
Fig. 11.9 Adjustment o f  the principal lever Fig. 11.10 Adjustment o f  the secondary lever
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Fig. 11.11 Tightening o f  the bolt and ball on the principal lever
L _ i — -
Fig. 11.12 Long-term deflection Fig. 11.13 Representation o f the long-term deflection 
under sustained loading under sustained loading
11.7.2 Calibration of frames
For each o f  the four positions o f the secondary lever, a given mass was used for the flexural 
testing. Coarse aggregate was used in this testing. Given the complicated geometry o f  the 
frames, it was necessary to establish a correlation between the mass (in kg) o f  the suspended 
aggregate at each position along the secondary lever and applied load in KN on the tested 
beams. The tested beams were replaced by a load cell to establish this correlation, which will 
be used during the creep testing (Fig. 11.14).
A two-step calibration procedure was carried out. The first step involved the calibration o f a 
180 kN-capacity load cell to establish the relationship between the applied load in kN and 
resulting electrical potential (in volt). This will later be used during the testing o f  the concrete 
beams where the measurement o f  electrical potential is used to determine the corresponding 
load that is applied onto the concrete beams (in kN). The calibration o f the load-weight 
diagram o f the load cell was determined through three loading/unloading cycles under uni-
279
Chapter 11: Flexural creep and relaxation
axial compression using an MTS machine. The mean response o f the three loading cycles is 
shown in Fig. 11.15.
positions
Stain-gauge conditioner and voltmeter 
Principal lever
Level posed on the 
secondary lever
Sustained load 
-►
Bolt for adjustment 
o f  the principal lever
 Load beam
Load cell
Support
Chain and stem for 
adjustment o f  the 
secondary lever
Fig. 11.14 Calibration o f the creep loading frame (secondary step o f calibration) to establish 
relation between the sustained load (kg) and load applied on the concrete beams (kN) which is 
here replaced by a load cell during the calibration
y = 10.0499x 
R2 = 0.9990.
120
100
80
60
40
20
0
0 4 8
Reading (volt)
Fig. 11.15 Uniaxial compressive load-voltage graph o f the load cell determined using an MTS
loading machine
The load resulting from the sustained mass o f aggregate in the secondary lever is correlated to 
the load applied onto the beams through a second calibration step. For each o f the six flexural 
creep frames, a second calibration was carried out to correlate the weight (kg) suspended from
280
Chapter 11: Flexural creep and relaxation
each o f  the four positions along the secondary lever with the corresponding reading o f 
electrical potential (volt) and strain gauge conditioner (Fig. 11.14). Each frame has its proper 
calibration graphs. The calibration was carried out through three loading/unloading cycles for 
each position for each frame. The average graph for the three cycles for each position was then 
determined. The values o f electrical potential readings in volts were used in the equation 
shown in Fig. 11.15 to predict the applied loads in kN with high accuracy. The final step o f the 
calibration is the derivation o f a relationship between the sustained weight, in kg, and the 
corresponding applied load, in kN, for every position along the secondary lever arm, as shown 
in Fig. 11.16 (a) and (b).
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Position 4: y = 0.9359x + 4.2093
R -  0.9991
: r \
Position 3:
* . *  •
y = 0.8013x + 4.5351 
R2 = 0.9992 
Position 2: y = o.6687x + 4.5377 
R2 = 0.9988 
Position l : y  = 0.5312x + 4.5171
R =0.9991
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P o s i t k m * ^ 0 -8071^ 3'0778
R = 0.9998
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.
•  • • •
R = 0.9997 
Position 2: y = 0.5553x+ 3.1571 
R2 = 0.9997
Position 1: y = 0.4464x +3.1047
2R" = 0.9997
10 20 30 40
Applied weight (kg)
Fig. 11.16 Typical calibration graphs o f (a) frame 1 (b) frame 2
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As shown in Fig. 11.17, the calibration o f two o f the six frames shown here are slightly 
different. In principal, from static calculation, the applied load on the superposed beams 
should correspond to approximately 80 times o f that o f  the sustained load at position 4. The 
results in Fig. 11.18 indicate that this value can indeed vary between 73 and 93, thus the 
importance o f conducting the calibration o f each frame. This is necessary given the fact that 
each frame may have slight differences in dimensions and weights o f  the various components 
(e.g., the weight o f the sustained plate) and could represent different frictional resistance at the 
various joints.
11.7.3 Load and strain-control systems for flexural creep testing
Each frame was gradually loaded then unloaded to evaluate the stress relaxation using a 
weight sustained on a rigid metallic plate hanging from o f the four positions along the 
secondary lever arm. The sustained weight transfers the load to the secondary lever by the 
effect o f inertia torque, to the principal lever by the same effect, and then to the loaded 
concrete beam. The load is amplified at the loading points that are 500 mm apart (Fig. 11.17). 
The loads were transferred through roller-shaped and rigid steel supports and applied on the 
full width o f the beam.
750
2 strain gauges for concrete 
2 strain gauges for reinforcement
2 lateral pins for mid-span deflection 
lateral pins for mid-span deflection fixed to a basis
Fig. 11.17 Strain and deflection control system
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Strain- and deflection-control systems for each test beam were determined using two electrical 
strain gauges glued to the longitudinal reinforcing bars at mid-span to measure tensile strain 
and two other strain gauges glued to the top surface o f the beam at mid-span to measure 
concrete compressive strain (Fig. 11.18). Therefore, each measurement o f strain o f concrete 
and steel represents the average o f readings from both flexural beam specimens, and thus the 
values o f four strain gauges for the steel bars and four others for the concrete. The readings o f 
the strain gauges were undertaken using a Vishay P3 portable strain indicator. Before any 
reading, the strain gauge indicator was calibrated to a reference value o f zero deformation 
determined from a strain gauge glued to an unloaded steel bar shown in Fig. 11.19. The 
characteristics o f  steel and concrete strain gauges are presented in Table 11.3.
70
Fig. 11.18 Strain gauges on top surface o f 
beam at mid-span
Fig. 11.19 Calibration o f  the strain gauge 
indicator using unloaded reference steel bar
Table 11.3 Characteristics o f  steel and concrete strain gauges used for flexural creep testing
Type Resistance
(G)
Gage
factor
Length
(mm)
Manu­
facturer
Use
KFG-6-120-C1-11L3M3R 120.4 ± 0 .4 2.110 ± 0 .1% 6 Kyowa Steel
KFG-10-120-C1-11L3M3R 120.2 ± 0 .8 2.110 ± 0 .1% 10 Kyowa Steel
C2A-06-250L W -120 120.0 ± 0 .6 2.075 ± 0.5% 6 Vishay Steel
KC-70-120-A1-11 120.2 ± 0 .2 2.110 ± 1.0% 70 Kyowa Concrete
KC-70-120-A1-11L3M3R 120.0 ± 1.0 2.100 ± 1.0% 70 Kyowa Concrete
C2 A-06-20CL W -120 120.0 ± 0 .6 2.085 ± 0.5% 60 Vishay Concrete
KC-60-120-A1-11L3M3R 120.0 ± 1.0 2.070 ± 1.0% 60 Kyowa Concrete
For each beam, two steel pins were fixed on the two vertical faces in the tension zone o f the 
beam at mid-span at 30 mm o f height. The pins were used to measure deflection from a
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reference position where a rigid steel pin attached to the loading frame (Fig. 11.20). The 
deflection measurements over time were carried out using a 1/100 mm-precision vernier 
caliper (Fig. 11.21). The reading is taken as the mean o f four values: two from the upper beam 
and two from the lower beam.
A high precision magnifying telescope is used for crack width reading along the vertical faces 
o f the beams in the zone o f  constant moment (midspan). Crack readings are considered as the 
mean o f four values; two from the upper beam and two from the lower beam.
150
Fig. 11.20 Pin glued to one side o f  the beam 
at mid-span
Fig. 11.21 M easurement o f mid-span 
deflection
11.8 Structural calculation
The cracking moment for a rectangular section can be predicted using the using the Eqs (10-1) 
to (10-6). The nominal moment can be calculated by the following equations:
M n =  Ax x 0.85 x f y x 
4 x 0 .8 5 * / ;
/  • \
d - ± -
2
a =
a x f x b  
a  = 0 .85 -0 .0015  x f  >  0.67
where:
f ’c: compressive strength o f Concrete; 
fy . yield stress o f tensile steel reinforcement;
d: distance from extreme compression fiber to centroid o f tensile steel reinforcement;
( 1 1 - 1 )
( 11-2 )
(11-3)
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A s: area o f  tensile steel reinforcement.
11.9 Procedure for creep and relaxation measurements
The beams were loaded for creep measurement starting at the end o f 7 d o f  moist curing. All 
specimens were loaded and unloaded gradually at the same load levels shown in Table 11.4 
that varied from 5 to 30 kN. The variation in the loading level 1 to 4 on the flexural beams 
corresponds to changes in suspended mass at various positions o f  the secondary lever o f  the 
frame. For all tested beams, the duration o f creep and relaxation testing was 462 d.
Table 11.4 Load levels o f creep/relaxation process over time
Load level 1 2 3 4
Corresponding load (kN) 5 16 23 30
FR-SCM Duration o f  creep (d) 84 91 189
—
Duration o f  relaxation (d) 14 84 — —
Rest o f mixtures Duration o f  creep (d) 84 91 189 30Duration o f relaxation (d) 14 14 21 —
CVC ST 0.5% MsuslMn 0.10 0.39 0.55 0.71
M SUJ  Afcr 0.3 1.27 1.78 2.32
SCC M sJ M „ 0.13 0.38 0.53 0.69
M suJ M cr 0.44 1.25 1.74 2.27
MU-S 0.5% M SUJ M n 0.10 0.38 0.53 0.69
KISUJ  M cr 0.28 1.06 1.49 1.94
MU-S 0.5%-EA MsutJMn 0.12 0.38 0.52 0.68
M sus/ AfCr 0.33 0.94 1.32 1.72
ST 0.5% M suJM n 0.12 0.37 0.52 0.68
M SUJ M Cr 0.26 0.76 1.06 1.39
SCM ST 0.8% Msus/Mn 0.11 0.38 0.53 —
M suslM cr 0.26 0.86 1.21 —
M sus\ sustained moment; M cr: cracking moment; M„: nominal moment
11.10 Reference beams
As mentioned previously, three beams were prepared for each mixture type: two superposed 
permanently loaded beams on the frame and one unloaded (free) beam as reference. The 
reference beams were supported on two rollers (span o f  1500 mm) as in the case o f loaded 
beams (Fig. 11.22). They were used to monitor flexural creep under proper weight for 365 d.
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Fig. 11.22 Free beams whitewashed near the loaded beams before the bending test
At the end o f that period, the reference beams were tested under four-point bending to 
determine the instantaneous response corresponding to the four levels o f the loading in creep 
as well as the flexural strength o f the concrete. Figures 11.23 and 11.24 illustrate the testing o f 
the reference beams using a 270 kN-capacity Baldwin load machine. The loading rate was 
approximately 1 MPa/min.
Fig. 11.23 Controlled-load bending test on Fig. 11.24 Load-controlled loading system
reference beams designated for creep test
The same configuration o f load and strain-control systems used for the creep and relaxation 
testing was employed for the instantaneous flexural test on the reference beams, as illustrated 
in Fig. 11.25.
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Fig. 11.25 Loading and strain-control systems for bending test on reference beams
11.11 Test results and discussion
11.11.1 Fresh properties
From Table 11.5, the investigated self-consolidating mixtures had high fluidity and a minimal 
slump flow value o f  650 mm. The mixtures exhibited high stability with VSI ranging between 
0 and 0.5. Excellent filling capacity o f  84-100% was obtained for the self-consolidating 
mixtures. Yield stress and plastic viscosity values ranged between 40 and 70 Pa and 3 and 10 
Pa.s, respectively, for the self-consolidating mixtures.
Table 11.5 Fresh properties o f  the investigated mixtures
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CVC ST 0.8% 150 — — 2335 5 490 3
SCC 710 0.7 0 670 2186 8 1.5 1 1.3 100 55 10
MU-S 0.5% 670 1.5 0.5 630 2177 7.7 3.3 0.8 0.9 86 40 10
MU-S 0.5%-EA 650 2.9 0 630 2269 5.1 3.1 0.54 1.9 80 50 7
ST 0.5% 700 1.1 0 660 2186 8.4 2.2 1 0.7 99 70 4
SCM ST 0.8% 660 0.3 0 650 2136 7.2 1.8 0.94 0.6 84 45 3
287
Chapter 11: Flexural creep and relaxation
11.11.2 Mechanical properties and drying shrinkage
Table 11.6 shows that at 180 d, the self-consolidating mixtures had f ’c ranging between 
approximately 50 to 60 MPa, and a minimal f ' sp o f 4.7 MPa for the plain SCC. The use o f 
fibers increased f sp by 17% to 64%. The self-consolidating mixtures also had an average E c o f 
30 GPa. A minimal Ec value o f 23.8 GPa was obtained for the FR-SCM mixture due to the 
absence o f coarse aggregate.
The increase o f  drying shrinkage o f specimens subjected to drying at early age (after only 7 d 
o f moist curing) is plotted in Fig. 11.26. Drying shrinkage after at 390 d o f  testing ranged 
between approximately 700 and 1050 p strain for the concrete mixtures. Higher shrinkage o f 
1360 pstrain was obtained for the FR-SCM mixture. The incorporation o f  the expansive agent 
(EA) in the MU-S 0.5%-AE mixture reduced drying shrinkage by 17%.
11.11.3 Flexural creep and relaxation
A) Deflection
As mentioned in Table 11.4, the beams were loaded through four levels (1 to 4), except for 
beams made with the FR-SCM mixture which underwent three loading levels to avoid 
exceeding the yield zone. Given the highest drying shrinkage and lowest E c values o f  the FR- 
SCM mixture, mortar beams exhibited the highest deflection o f 8.2 mm at 357 d vs. 3.9 to 5.2 
mm for the other mixtures (1.6 to 2.1 times o f difference), as shown in Fig. 11.27.
The deflection o f the FR-SCM beams at a loading level o f 1.4 o f the cracking moment is 
illustrated in Fig. 11.28. The incorporation o f  fibers in SCC reduced deflection by 3% to 18%. 
The lowest deflection between the two fiber types belonged to the steel fibers. The EA 
incorporated in FR-SCC reduced the deflection by 23%. The use o f  the same type and volume 
o f fiber (ST at 0.5%) in SCC beams led to reduction in deflection by 5% compared to the 
beams o f CVC.
With the multi-level relaxation, the same difference in deflection was kept approximately 
constant between the various beams, as during the multi-level creep testing. However, the 
deflection was not reversible because the maximum applied moment reached a level o f  1.2 to
2.3 times o f the cracking moment, according to each mixture type. Therefore, the deflection 
values o f FR-SCM and other concrete beams after the total beam unloading were 6.5 mm and
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between 3.1 and 3.9 mm, respectively. The gradual relaxation in stresses in load from the 
ultimate load o f 30 kN (level 4) at age o f 406 d to the minimal load o f 5 kN (level 1) at age o f 
462 d was accompanied with reduction o f  only 21% to 44% in deflection for the totality o f 
investigated beams.
B) Concrete and reinforcement strains
The trend o f steel and concrete strains plotted in Figs 11.29 and 11.30, respectively, was 
similar for the various mixtures. The strains were comparable at different load levels with the 
reference CVC ST 0.5% mixture characterized by the lowest drying shrinkage and highest Ec.
1400
^  1050 Effect o f  expansion agent
<u
OX)
cd
700
■ - s e e
—  MU-S 0.5%
—  SCM ST 0.8%
ST 0.5%
MU-S 0.5%-EA 
CVC ST 0.5%
0 30 60 90 120 150 180 210 240 270 300 330 360 390
Time (day)
Fig. 11.26 Drying shrinkage kinetics o f  mixtures prepared for flexural creep
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Table 11.6 Test method results in hardened state
^ ^ A g e ( d )
M ix tu r e ' ' ' ' ' - ^ ^
f c (MPa) f s p  (M Pa) E c (GPa) Dry. shr. ((^strain)
7 28 56 91 119 147 182 28 56 182 28 56 182 28 119 392
CVC ST 0.5% 22.0 32.2 33.3 34.1 34.9 35.3 36.4 4.5 4.5 4.6 28.5 29.8 32.3 410 615 687
SCC 31.0 41.2 46.7 47.2 48.0 48.9 49.6 4.4 4.7 4.7 26.8 27.8 30.4 659 834 978
MU-S 0.5% 36.0 47.1 47.7 49.1 51.8 53.0 54.9 5.2 5.4 5.5 27.4 28.9 29.3 678 896 1050
MU-S 0.5%-AE 29.6 48.0 43.5 54.7 55.1 55.2 55.9 5.4 5.5 6.2 29.6 30.1 30.7 492 692 853
ST 0.5% 40.9 55.7 57.8 58.5 59.7 59.9 61.5 7.0 7.4 7.7 30.4 30.6 31.8 547 709 810
SCM ST 0.8% 32.8 47.1 49.5 49.9 51.5 52.9 53.3 6.3 6.7 6.8 22.4 22.6 23.8 702 1049 1361
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Fig. 11.27 Deflection at 1.4 Mcr o f beams made with SCM ST 0.8%
The incorporation o f  fibers in SCC reduced the straines o f concrete and steel reinforcement by 
20% to 24%, and 10% to 24%, respectively, compared to beams o f SCC without fibers. The 
lowest strains belonged to the steel fibers. The use o f  EA in FR-SCC enhanced (reduced) the 
reinforcement and concrete strains by 12% and 10%, respectively. The SCC beams underwent 
a mean steel strain lower by 22% than the CVC beams.
With the multi-level relaxation, the same trend was obtained with that o f  the multi-level creep. 
After the relaxation process, the deformations shown in Figs 11.29 and 11.30 were not totally 
reversible because the loading increased up to just near the plasticization zones o f steel 
reinforcement and concrete (micro-strains o f 2%o and 3%o, respectively). The difference in 
strains o f concrete and steel reinforcement between the different beams was kept roughly 
constant. There was a decrease in concrete and steel reinforcement strains o f  16% to 31% and 
39% to 69%, respectively between the maximum strains registered at 406 d (loading level 4 
with 30 kN) and 462 d (loading level 1 with 5 kN).
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Fig. 11.28 Long-term steel reinforcement strain response under flexural creep test
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Fig. 11.29 Long-term concrete strain response under flexural creep test
C) Crack width
The incorporation o f  fibers increased significantly the through-crack bearing capacity. As was 
expected, the whole fibrous mixtures decreased crack width by 60% to 80% compared to the 
SCC mixture. The use o f  fibers is shown to be the main parameter affecting cracking rather 
than E c both for the SCC and FR-SCM mixtures. The latter resisted well cracking due to 
relatively high Vj (0.8%) despite the low Ec. The incorporation o f fibers in SCC reduced the 
crack width by 69% and 60% for MU-S and ST fibers, respectively. The use o f  EA in FR-SCC 
reduced, in its turn, the crack width by 40%. The FR-SCC beams with ST fibers had 
approximately the double crack width value compared to the FR-CVC with the same fibers.
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From Fig. 11.31, it can be seen that the SCC underwent cracking width greater than the 
recommended value o f ACI 318 [2011] (0.3 to 0.4 mm).
During relaxation, similar distances between the cracking charts o f different mixtures were 
obtained as in the creep test. At the end o f  relaxation, the crack widths reduced by 25% to 67% 
compared to the maximum crack widths registered during the creep.
45 0.25
ST 0.5%
MU-S 0.5%-EA 
SCM ST 0.8%
- - SCC
—  MU-S 0.5%
--- CVC ST 0.5%
0.00 _  -T—
0 60 120 180 240 300 360 420 480
Age(day)
N .B : N um bers in N orm al and  Italic characters indicate load ing  levels fo r m ortar and concre te  m ixtures, 
respectively  (see T able  11.4).
Fig. 11.30 Long-term crack width response under flexural creep test
D) Overall performance under flexural creep
The overall structural performance under the flexural creep testing using the star-plot approach 
is evaluated at a post-cracking level (23 kN) at 357 d from the beginning o f  the creep test. The 
results are based on values registered in Table 11.7 and represented in Fig. 11.32. The overall 
performance is based on the four investigated properties (deflection, reinforcement and 
concrete strains, and crack width). Weighted factors o f  1, 2, 3, and 3 were assigned to the 
reinforcement strain, deflection, concrete strain, and crack width, respectively, according to 
their importance. From Fig. 11.32, it can be seen that the FR-SCC mixtures enabled at least 
the same performance compared to the FR-CVC mixture. The steel fibers performed 30% 
better than the synthetic ones. The incorporation o f  expansive agent enhanced the overall 
performance o f  77%.
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Table 11.7 Flexural creep parameter values
Response Deflection
(mm)
Concrete
pstrain
Reinf.
pstrain
Crack width 
(mm)
Age (d) 357+ 462x 357+ 462x 357+ 462x 357+ 462x
CVC ST 0.5% 4.5 3.1 1498 1173 1406 676 0.09 0.03
SCC 5.2 3.8 2056 1683 1441 696 0.48 0.2
MU-S 0.5% 5 3.9 1569 1226 1293 485 0.15 0.06
MU-S 0.5%-EA 3.9 3.4 1418 1150 1144 705 0.09 0.05
ST 0.5% 4.3 3.2 1653 1389 1095 780 0.19 0.08
SCM ST 0.8% 8.2 6.5 2568 2163 1441 881 0.11 0.06
+ Age corresponding to level 3 (23 kN) in Table 1.4 
* Age corresponding to the end o f  relaxation (level 1 o f  loading at 5 kN)
From Fig. 11.32, the overall performance o f the FR-SCM did not mean that it was nil, but that 
value is relative to the other mixtures. From Figs 11.27 and 11.29 to 11.31, it seems that the Ec 
affected the overall performance o f  FR-SCM, but it is not the only parameter affecting the 
creep response. SCC which had the same range o f  E c with FR-SCC mixtures provided the 
lowest performance. Therefore, fibers and E c have synergetic effect. In summary, the 
structural performance under flexural creep is classified in ascending order as follows:
FR-SCM *  SCC < FR-CVC < FR -SC C  (11-4)
The range o f overall performance o f  each investigated mixture type can be classified in a scale 
from 1 to 10, as shown in Table 11.8.
Table 11.8 Range o f performance in flexural creep o f  investigated mixtures
Performance range Oto 1 1 to 5 5 to 6 6 to 9 9 to 10
Mixture type SCC
FR-SCM
FR-C VC 
FR-SCC with 
synthetic fiber
FR-SCC 
with steel 
fiber
FR-SCC with 
EA
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11.12 Comparison with instantaneous bending test results on reference beams
As mentioned in Section 11.10, the third beam o f each mixture was kept unloaded for the 
duration o f the creep program. The flexural responses o f these beams tested at the end o f  the 
drying period corresponding to the end o f the creep testing program are compared (Figs 11.33 
to 11.35). The non-fibrous SCC mixture had higher deflection, higher concrete and 
reinforcement strains, and higher crack width. The responses o f  the investigated mixtures are 
comparable to those o f the reference FR-CVC mixture. The FR-SCM enabled the highest 
resistance to cracking (Fig. 11.35); however, the number o f cracks was higher than to the rest 
o f beams (Fig. 11.36 (g)). From Fig. 11.36, it can be noted that the concrete beams had a 
similar crack pattern, except the SCC beam which underwent long cracks through the beam 
height (Fig. 11.36 (a)) due to the absence o f  fibers. The FR-CVC beam had the lowest number 
o f cracks due to the combined effect o f  fibers and high coarse aggregate content.
At the same level o f  loading (23 kN) at 357 d, the instantaneous deflections, concrete strains, 
reinforcement strains, and crack widths represented 39% to 80%, 27% to 47%, 71% to 100%, 
92% to 441%, respectively, o f  those o f long-term creep. This means that the investigation o f 
long-term flexure is more important than the instantaneous flexural test.
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Fig. 11.31 Overall performance under flexural creep
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Fig. 11.32 Load-deflection response under four-point bending test
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Fig. 11.33 Load-strain response under four-point bending test
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Fig. 11.34 Load-crack width response under four-point bending test
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No crushing o f concrete was observed. The failure occurred by tension o f  the steel
reinforcement because o f  the under-reinforcement o f the tested (p  <  pbaianced) where:
( 0 / , , . 1 0 n  f l l ,v
P balanced  ( /o ) ~   3-----------------T X 1 U(J ( 11 *5 )
/>■*(*«, + £ fu)
:  ( " - 6)Ac b x d
a  =  0 .8 5 -0 .0 0 1 5 x / c >0.67 (11-7)
P  =  0.97 -  0.0025 x / J  (11-8)
(11-9)
where:
f ’c'. compressive strength o f concrete
A s : Area o f tensile steel reinforcement;
f y \ yield stress o f tensile steel reinforcement
ecu : ultimate strain o f compressive concrete (3%o);
E/u : ultimate strain o f steel reinforcement (2%o);
b  and d: beam width and distance from extreme compression fiber to centroid o f  tensile steel 
reinforcement
Chapter 11: Flexural creep and relaxation
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Fig. 11.35 Crack pattern o f  the reference beams under four-point bending test
The same method to evaluate the overall performance under flexural creep was used for the 
flexure test at the same loading level (23 kN). Weighted factors o f 1, 2, 3, and 3 were assigned 
to the reinforcement strain, deflection, concrete strain, and crack width, respectively. From Fig. 
11.37, a similar performance to that illustrated in Fig. 11.37 was obtained. The best 
performance belonged to the FR-SCC mixtures, with the steel fibers resulting in slightly better 
performance than the synthetic ones. The use o f EA enhanced slightly (7%) the overall 
performance. The FR-SCM had a similar performance to that o f  the reference FR-CVC.
11.13 Comparison with full-scale beam tests
The overall performance degrees obtained herein on flexural creep beams could be compared 
with other overall performance on full-scale beams tested under four-point bending tests in 
Chapter 9. However with the latter case, the performance was based on greater number o f 
structural properties considered (mechanical loads, toughness, and stiffness) beside those 
considered herein. The results presented in Fig. 11.38 combine between the results o f  beam set 
series investigated in this chapter and shown in Fig. 11.32 and a part o f  beam set investigated 
in Chapter 9 and presented in Fig. 9.83 and Table 9.10. The two sets enabled the same 
tendency and confirmed the findings o f  this chapter.
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Fig. 11.37 Comparison with performance under flexure on larger-scale beams in Chapter 9
11.14 Comparison with ring test results
The overall performance o f the beams under flexural creep test is compared to that o f  the ring 
testing under restrained shrinkage (ASTM C 1581) that was presented in Chapter 8. The latter 
is based on parameters such as time-to-cracking, crack width, ring micro-strain at cracking, 
and autogenous and drying shrinkage values at 7 d from the beginning o f shrinkage
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measurement. The two specimen sets o f creep and restrained shrinkage provided similar trend 
o f  global performance as mentioned in Fig. 11.39.
■  Creep Res. shrinkage
Fig. 11.38 Comparison with overall performance under restrained shrinkage
11.15 Conclusions
Given the results o f the flexural creep, the following conclusions can be drawn:
1. The use o f  FR-SCC mixtures can provide similar or greater long-term creep performance 
as FR-CVC that is characterized by lower drying shrinkage and higher modulus o f 
elasticity. The long-term overall performance in flexural creep can be enhanced by up to 
25% using steel fibers in SCC mixtures compared to the FR-CVC mixture. The overall 
performance in flexural creep is based on four parameters that are the deflection, concrete 
and steel reinforcement strains, and crack width.
2. Compared to SCC made without fibers, the incorporation o f  steel fibers in SCC can lead to 
decrease in mid-span deflection, strain in  concrete, strain in steel reinforcement, and crack 
width o f up to 25%, 30%, 20%, and 80%, respectively.
3. Unlike SCC, the fibrous mixtures (concrete and mortar) undergo cracking due to flexural 
creep respecting the limits imposed by ACI 318 [2011].
4. The use o f shrinkage-reducing agent, including expansive agent, leads to a considerable 
overall improvement (80%) o f the performance o f  concrete and mortar subjected to long-
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term deflection. The expansive agent can reduce drying shrinkage, mid-span deflection, 
concrete strain, steel reinforcement strain, and crack width o f up to 17%, 23%, 10%, 12%, 
and 40%, respectively.
5. The FR-SCM mixtures containing a V/ o f 0.8% can resist well cracking, despite high 
drying shrinkage due to absence o f coarse aggregate.
6. When the applied load exceeds the crack load and approaches the nominal load, residual 
deformation can exist after stress relaxation. Stress relaxation can lead to reduction o f steel 
reinforcement strains, concrete strain, crack width, and mid-span deflection o f  40% to 70%, 
15% to 30%, 25% to 65%, and 20% to 45%, respectively.
7. The combined use o f SCC, steel fibers, and expansive agent constitute the best overall 
approach to reduce long-term strains and cracking o f repair concrete subjected to flexural 
creep.
8. The best performance in terms o f  flexural creep characteristics was obtained with FR-SCC 
with synthetic fibers and expansive agent, followed by FR-SCC mixture made with 
hooked-end steel fibers, then FR-SCC with synthetic fibers without an expansive agent. 
The overall structural performance o f FR-SCC (with/without expansive agent) under 
flexural creep can vary between 5 to 10 times o f that o f the SCC without fibers.
9. The relative performance in flexural creep is found to correspond to the relative 
performance o f the same concrete tested in instantaneous flexure. The flexural creep 
characteristics (i.e., mid-span deflection, strain in concrete and steel reinforcement, and 
crack width) can reflect the same ranking o f  performance determined by the structural 
parameters o f  the reinforced concrete beams (i.e., crack load, yield load, and ultimate load; 
mid-span deflection; crack width; toughness; rigidity; as well as strain in the steel 
reinforcement and concrete).
10. The relative performance in flexural creep is also found to correspond to the restrained 
shrinkage results determined from the ring test (time-to-cracking, crack width, drying 
under sealed and unsealed conditions).
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CHAPTER 12 CONSOLIDATION OF FR-SWC
Note: to relate this chapter to the general content o f the thesis dealing mostly with FR-SCC for 
repair o f  concrete infrastructures, the structural performance o f two monolithic beams made 
with FR-SWC designated for construction o f infrastructures was evaluated in Chapter 9. The 
estimation o f the consolidation energy applied on these two beams was based on the results 
obtained in this chapter. The structural performance o f  FR-SWC was compared to that o f 
corresponding FR-SCC was evaluated in detail in Chapter 9 (Comparison No c).
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12.1 Abstract
The use o f fibers to enhance the performance o f superworkable concrete can hinder 
workability necessitating further mechanical consolidation that can lead to segregation. This 
paper evaluates the effect o f mechanical consolidation on segregation, surface quality, and 
mechanical properties o f  fiber-reinforced superworkable concrete (FR-SW C) in an effort to 
recommend a protocol that can be employed for the preparation o f test samples o f  FR-SWC. 
In total, 10 mixtures were prepared using polypropylene and steel fibers incorporated at a 
volume o f  0.5%. With each fiber type, test parameters involved the incorporation or omission 
o f viscosity-modifying admixture and addition o f high-range water reducer to assure a slump 
flow o f 450 mm or 550 mm. Test cylinders were cast in one layer and underwent different 
degrees o f mechanical consolidation using a 10 mm steel rod. Vibrating table was also used to 
induce high consolidation effort during 20 and 25 s. Image analysis was carried out on 
longitudinally saw-cut surfaces o f  the concrete cylinders.
Test results indicate that rodding enabled the reduction o f honeycombing but did not affect 
mechanical properties and segregation. The use o f vibration consolidation enhanced 
mechanical properties and surface quality but led to considerable increase in segregation, 
unless the concrete is highly stable. Casting test samples in one lift and consolidating them 
with 20 strikes o f rodding can provide adequate consolidation energy to enhance mechanical 
properties and surface properties without segregation. The passing ability o f FR-SWC can be 
evaluated using a modified J-Ring with 6 to 8 bars with a minimum clear spacing o f 2.5 times 
o f the fiber length. The L-Box test is also recommended to assess passing ability with the box 
equipped with a single bar and a pencil vibrator in the vertical leg operating for 15 s after the 
removal o f  the sliding door o f the test setup.
Keywords: consolidation, fiber-reinforced concrete, rodding, segregation, superworkable 
concrete, surface quality, vibration
12.2 Introduction
Superworkable concrete (SWC) is a new class o f highly flowable concrete that cannot flow 
into place without some mechanical consolidation to ensure proper filling capacity o f  the
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formwork. Fiber-reinforced superworkable concrete (FR-SWC) belongs to this category o f 
concrete that is gaining acceptance for the construction and rehabilitation o f  infrastructure. 
Compared to fiber-reinforced self-consolidating concrete (FR-SCC) with typical slump flow 
values o f 650 mm to 750 mm, FR-SWC can have slump flow values o f  450 mm to 600 mm. 
SWC can be more economical than self-consolidating concrete (SCC) given the lower 
requirements for chemical admixtures, greater robustness o f  the concrete mixture, lower risk 
o f segregation, and lower formwork pressure characteristics [MIKANOVIC et a)., 2010]. As 
in the case o f  FR-SCC, fibers are included in FR-SWC to enhance some critical properties 
affecting concrete performance and service life, including crack resistance.
The incorporation o f  0.5% steel, synthetic, or hybrid fibers in SCC is found to be an upper 
limit for the design o f FR-SCC [KHAYAT et al., in press]. However, greater volumes o f 
fibers can hinder the workability o f  the concrete and would necessitate greater level o f 
mechanical consolidation. With the reduction in fluidity requirement, FR-SWC can be 
produced with relatively high fiber volume (Vj). FR-SWC with Vj greater than 0.5%, including
0.75%, can still be produced without blockage when a viscosity-modifying admixture (VMA) 
is incorporated to prevent segregation [KHAYAT et al., in press]. The use o f  fibers to enhance 
the performance o f SWC hinders workability, thus necessitating further need for mechanical 
consolidation to ensure proper performance. Excessive consolidation, however, can lead to 
segregation and surface defects and can reduce the performance o f this novel material. This 
paper evaluates the effect o f  the extent o f mechanical consolidation on segregation, surface 
quality, and mechanical properties o f  FR-SWC made with different types o f  fibers and fluidity 
levels in an effort to propose a methodology to consolidate test cylinders for sampling FR- 
SWC. The paper also investigates the effect o f VMA on the mechanical properties, 
segregation resistance, and surface quality o f FR-SWC.
12.3 Experimental program
12.3.1 M aterials
Continuously-graded natural sand with a fineness modulus o f 2.6 and a crushed limestone 
aggregate with a maximum aggregate size o f  10 mm were used. The coarse aggregate and 
sand had specific gravities o f 2.73 and 2.66, respectively, and water absorption values o f
0.52% and 0.97%, respectively. Ternary cement (Gub-S/SF) containing approximately 70%
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Type GU cement, 25% granulated blast furnace slag, and 5% silica fume, by mass, was used. 
Polynaphthalene sulfonate -based high-range water-reducer admixture (HRWRA), a synthetic 
resin-type air-entraining admixture, and a liquid-based VMA were used. The latter is based on 
polysaccharide biogum.
Two types o f  fibers were used: a kinked multifilament synthetic fiber (MU-S) and a hooked- 
end steel fiber (ST) with lengths o f  50 mm and 30 mm and aspect ratios o f 74 and 55, 
respectively. In total, 10 concrete mixtures were prepared (Appendix E, Table E .l). Their 
mixture proportions are given in Table 12.1, and the measured fresh characteristics are given 
in Table 12.2. The SWC mixtures with the designations MU-S or ST refer to the type o f  fiber, 
and the 450 and 550 designations refer to the targeted slump flow levels o f  450 mm and 550 
mm.
Table 12.1 Mixture proportions o f  SWC mixtures
Mixture
Cont ent (k g/m3) Dosage (ml/m3)
Sl
um
p 
flo
w 
(m
m
)
W
at
er
C
em
en
t
Sa
nd
10 
mm
 
M
SA
Fi
be
rs
H
R
W
R
A
V
M
A
A
EA
SWC-450 2 0 0 475 783 791 0 3620 — 190 450
SWC-550 2 0 0 475 783 791 0 4760 — 190 550
MU-S-450 2 0 0 475 849 711 4.6 4630 — 190 440
MU-S-550 2 0 0 475 849 711 4.6 4760 — 190 550
MU-S-450-VMA 2 0 0 475 849 711 4.6 5710 230 190 450
MU-S-550-VMA 2 0 0 475 849 711 4.6 5910 230 190 550
ST-450 2 0 0 475 811 750 39.3 4670 — 190 450
ST-550 2 0 0 475 811 750 39.3 5050 — 190 560
ST-450-VMA 2 0 0 475 811 750 39.3 4760 230 190 460
ST-550-VMA 2 0 0 475 811 750 39.3 5710 230 190 550
12.3.2 Test procedures
In the fresh state, the slump flow diameter, T40 spread time, and visual stability index (VSI) 
were evaluated. The passing ability was evaluated using the modified J-Ring and L-box test 
methods [KHAYAT et al., 2013]. The clearance between adjacent bars in the J-Ring and L- 
box setups were approximately 2.5 times o f  the fiber length. Therefore, the J-Ring setup used
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for the SWC and FR-SWC mixtures with steel fibers had eight bars with a net clearance 
between adjacent bars o f 105 mm, instead o f 42.9 mm for the 16 bars o f  the standard setup 
(ASTM C 1621). For the FR-SWC mixtures with MU-S fibers, six bars were employed with 
clearance o f 140 mm. The slump cone used for the slump flow and J-Ring tests was filled in 
one layer and consolidated using a 16 mm steel rod used to apply 10 internal strikes. The same 
protocol was used for determining the unit weight and air volume.
The L-box setup was used with a single bar in the middle o f the horizontal leg, giving a clear 
space o f  80 mm. The blocking ratio (h2/hi) was determined using the hi and h2 values 
corresponding to the heights o f the concrete at both ends o f the horizontal leg o f the device. 
The T40 and T20 flow times (Fig. 5.15) corresponding to the time needed for the concrete to 
spread 400 mm and 200 mm, respectively, were also determined. The concrete was vibrated in 
the vertical leg o f  the L-box using a pencil vibrator with a diameter o f 33 mm in 5-s intervals 
ranging from 5 to 25 s. The h2/hj values were recorded after each o f  these vibration intervals.
A modified Tattersall two-point workability rheometer (MK III model) was used to determine 
the plastic viscosity (pp) and dynamic yield stress (to). The rheometer was filled in one layer 
and did not undergo any mechanical consolidation before testing.
A protocol o f consolidation o f the FR-SWC was developed to determine the degree o f 
consolidation as a function o f fiber type and flow properties o f  the concrete. For this purpose, 
two fiber types were used: steel and polypropylene fibers at a V /o f  0.5%. For each fiber type, 
two mixtures were prepared with slump flow o f 450 ± 20 mm and 550 ± 20 mm with and 
without VMA. Several 100x200 mm cylinders were cast in one layer. The cylinders were 
subjected to different levels o f consolidation by receiving 0, 5, 10, 15, and 20 internal strikes 
using a steel rod o f 10 mm in diameter and 300 mm in length. The samples also received 5 
strikes with the same rod used to tap the outer sides o f the molds. The cylinders were 
demolded after one day and moist cured until the age o f  seven days.
For each concrete type and each degree o f  consolidation, three cylinders were prepared to 
evaluate compressive strength { f ’c), two others to determine splitting tensile strength ( f ’sp), and 
one to evaluate the distribution o f coarse aggregate along the height o f the saw-cut specimen 
as well as the air-void distribution o f  formed surfaces (honeycomb surface ratio). For each 
mixture, an additional cylinder was cast and consolidated for 25 s onto a vibrating table
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operating at a frequency o f 60 Hz and amplitude o f  0.775 mm. Two mixtures with ST fiber 
and VMA also underwent vibration consolidation during 20 s. In total o f 322 cylinders were 
cast and evaluated.
The distribution o f  coarse aggregate along the saw-cut cylinders and the degree o f the 
honeycomb at the outer surface were determined using statistical image analysis software that 
considers the number o f pixels in 2D for each drawn and scanned image o f  half-cut cylinders. 
For the segregation analysis, the minimum aggregate size considered was 3 mm. The 
calculation o f the segregation coefficient was based on the coefficient o f variation analysis o f 
the coarse aggregate distribution along the four sections o f the test cylinder. For the esthetical 
aspect, the minimum honeycomb size considered was 2 mm. In total, 64 images for 
segregation on the half-cylinders cut longitudinally and 64 images on the exterior faces o f  the 
cut half-cylinders for honeycomb ratio were analyzed. Fig. 12.1 shows a typical view o f the 
image analysis carried out for a given sample. Fig. 12.2 shows an example o f  coarse aggregate 
distribution o f three mixtures divided into four equal sections.
12.4 Experimental results and discussion
As shown in Table 12.2, the initial To and p p values o f the investigated FR-SWC mixtures were 
100 to 240 Pa and 5 to 10 Pa.s, respectively, compared to 85 to 240 Pa and 5 Pa.s, 
respectively, for the SWC mixtures. After 60 min, the SWC and FR-SWC mixtures underwent 
15% to 50% decrease in slump flow, 15% to 55% drop in J-Ring spread, as well as 35% to 
140% increase in t o and spread o f -40% to 70% in p p. At 10 and 60 min, vibration during 5 s 
was generally enough to reach high passing ability values with greater than 0.8 for the 
SWC mixtures. However, in the case o f  the FR-SWC mixtures, a minimum vibration time o f 
15 and 20 s was needed to achieve such passing ability level at 10 and 60 min, respectively.
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Table 12.2 Test results in fresh state o f  SWC and FR-SW C mixtures
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SWC-450
10 450 1.08 0 420 2235 7.2 0.42 0.69 1.00 240 4
60 360 — 0 360 2259 6.6 0 1.4 0.89 440 2
SWC-550
10 550 0.49 0 540 2203 8.2 0.38 0.61 1 85 5
60 480 0.93 0 460 2244 7.4 0.38 0.83 1.00 195 5
MU-S-450 10
440 1.68 0 440 2127 9.2 0.08 0.89 0.55 0.78 0.89 — 230 7
60 320 — 0 290 2128 9.2 0 0.95* 0.3 0.70 0.78 100 520 6
MU-S-550
10 550 0.59 0 500 2135 8.6 0.59 0.57 1 105 8
60 400 3.43 0 370 2198 8 0.13 0.67 0.9 240 6
MU-S-450-VMA 10 450 1.71
0 420 2198 7.2 0.46 0.83 1 180 10
60 340 — 0 300 2209 7 0.36 2.96 0.78 1 — — 335 8
MU-S-550-VMA
10 550 0.72 0 490 2172 7.3 0.42 0.84 0.6 1 — — 130 6
60 425 1.42 0.5 400 2241 5.3 0.22 0.82 0.7 0.94 — — 190 11
ST-450
10 450 1.5 0 430 2187 7.9 0.2 0.83 0.78 1 — — 240 6
60 320 — 0 280 2212 6.7 0 — 0.74 1 — — 500 3
ST-550
10 560 0.87 0 510 2211 6.8 1 0.41 110 7
60 440 1.25 0.5 420 2292 4.8 0.42 0.53 0.89 150 8
ST-450-VMA 10 460 1.29 0 420
2218 7.6 0.31 1 1 240 7
60 360 — 0 360 2248 7.2 0 1.47 1 — - - 330 7
ST-550-VMA
10 550 1.05 0 460 2259 6.8 0.64 0.72 1 115 10
60 370 — 0 300 2285 5.8 0 1.82 0.9 270 10
* T 20
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Fig. 12.1 Example o f  saw-cut cylinder 
Characteristics o f ST-550-25T cylinder made with ST fiber and no VMA, slump flow: 
560 mm, vibrated during 25 s, (a): internal coarse aggregate distribution: segregation 
coefficient: 117% and front o f segregattion: 25.2 mm, (b): external honeycomb 
distribution o f half cylinder: honeycomb surface ratio: 1.1%
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As shown in Fig. 12.3, neither the FR-SWC nor the SWC were affected by the number o f  
internal and external strikes. On the other hand, these mixtures were affected significantly by 
the duration o f  external vibration on the vibrating table. Segregation became more pronounced 
with the two reference SWC mixtures made without fibers (segregation coefficient o f 57% vs. 
23% for all o f the FR-SWC mixtures). This is due to the fact that fibers retain coarse aggregate 
into the cementitious matrix though without the use o f  VMA. Similarly, all the mixtures 
receiving rodding were stable with a mean front o f  segregation [MIKANOVIC et al., 2010] o f 
less than 1 mm, as shown in Fig. 12.4. The consolidated mixtures by vibration provided a 
mean front o f segregation between 5 mm and 13 mm for the fibrous SWC and a high mean 
value o f 36 mm for the plain SWC without VMA. As shown in Figs 12.3 and 12.4 (also in 
Appendix E, Table E.2), the segregation coefficient and front o f  segregation depth decreased 
with the incorporation o f VMA. This decrease was approximately 190% and 330%, 
respectively, for the FR-SWC mixtures, for both consolidation methods, despite the low 
content o f VMA in use.
As illustrated in Figs 12.5 and 12.6 (also presented in Appendix E, Table E.3), limited effect 
on mechanical properties after the various periods o f rodding o f  the FR-SWC. The use o f  
vibrating consolidation led to a mean increase o f  2% to 9% in f ’c and 15% to 19% in f ' sp. FR- 
SWC made with VMA resulted in 11% to 17% greater f ’c and 11% to 28% greater f sp 
compared to similar mixtures consolidating using the rodding method.
The honeycomb surface ratio decreased with the increased consolidation energy resulting from 
the increase in rodding strikes, as shown in Fig. 12.7 (also Appendix E, Table E.4). FR-SWC 
with no or little consolidation had honeycomb voids as deep as 10 mm, which could affect the 
risk o f  corrosion o f  steel reinforcement. The mean reduction in the honeycomb surface ratio 
was up to 250% and 120% for the SWC and FR-SWC mixtures, respectively, that received 
with 20 strikes compared to the unconsolidated mixtures. The substitution o f rodding method 
by external vibration led to mean decrease in honeycomb surface ratio o f  350% and 190% 
compared to the unconsolidated SWC and FR-SWC, respectively (Fig. 12.7). The introduction 
o f VMA in the FR-SWC mixtures led to an average worsening in surface quality o f  15% to 
50% for both consolidation methods (Fig. 12.7). It is clear that the consolidation operation 
contributes to the expulsion o f  entrapped air in the plastic concrete and elimination o f  surface
310
Chapter 12: Consolidation o f  FR-SWC
defects. However, consolidation with vibrating table was found to lead to excessive 
segregation (segregation coefficient o f  20% to 60%).
12.5 Conclusions
An investigation was undertaken to propose a protocol o f consolidation o f test samples made 
with FR-SWC. Evaluated parameters included fiber type, use o f  VMA, fluidity level, and 
degree o f consolidation. The main findings can be summarized as follows:
1. The evaluation o f passing ability using a modified J-Ring with 8 bars enabling clear 
spacing o f  2.5 times o f the fiber length can be achieved.
2. A modified L-Box test with a single bar near the vertical compartment can also be used 
to evaluate passing ability. The concrete in the vertical leg o f the L-box should be 
vibrated using a pencil vibrator with a diameter o f  33 mm for 15 s before recording the 
blocking ratio.
3. Casting SWC and FR-SWC in standard 100x200 mm cylinders without consolidation 
can lead to surface defects and honeycombing, especially in viscous concrete made with 
VMA.
4. The increase in mechanical consolidation using the rodding method did not affect 
mechanical strengths and segregation o f SWC and FR-SWC cylinders. The external 
surface quality was enhanced with increasing the number o f  strikes.
5. Consolidation on a vibrating table for 25 s resulted in significant segregation o f  the SWC 
and FR-SWC despite the fact that surface quality and the overall mechanical properties 
were improved.
6. The incorporation o f VMA improved segregation resistance and mechanical properties 
o f  vibrated SWC and FR-SWC mixtures but had limited effect on segregation o f  stable 
mixtures subjected to striking.
7. A proper compromise between honeycomb surface ratio and resistance o f  segregation 
can be achieved when SWC and FR-SWC samples are cast in one layer and 
consolidation using 20 strikes. Such concrete can be vibrated for 20 s onto a vibrating 
table providing that the mixture is stable, possibly with a VMA.
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CHAPTER 13 CONCLUSIONS AND RECOMMENDATIONS
In light o f the reported test results in the thesis, the following conclusions can be drawn for the 
various sections discussed in this study on the development and performance o f  fiber- 
reinforced self-consolidating concrete for repair applications.
13.1 General characteristics of FR-SCC for repair
1. The mix design o f FR-SCC as a material for repair o f concrete infrastructure should have a 
compromise between the workability requirements for repair applications and high 
performance in terms o f hardened properties.
2. These mixtures were characterized by high fluidity with slump flow o f 650 to 720 mm, T 50 
values o f 1.1 to 3 sec, high passing ability a with modified J-Ring spread o f 620 to 710 
mm (with modified J-Ring Ah o f  5 to 15 mm), modified L-Box blocking ratio o f 0.75 to 1 
(L-box T 70 o f 0.8 to 1.9 sec), and V-funnel flow time o f 2.2 to 4.8 sec. FR-SCC also had 
high stability in terms o f  resistance to segregation (VSI o f 0 to 0.5 in most cases) and a 
maximum surface settlement lower than 0.5%, as well as high filling capacity o f 75% to 
100%. The mixture proportioning is based on reducing the content o f coarse aggregate o f 
the self-consolidating concrete (SCC) with the incorporation o f fibers. The FR-SCC was 
proportioned with 5% to 8 % air content, in most cases, and incorporated HRWRA and 
VMA to ensure adequate fiowability and viscosity. The plastic viscosity determined using 
the modified Tattersall rheometer ranged between 3 and 13 Pa.s and the dynamic yield 
stress between 30 and 95 Pa.
The relation between the coarse aggregate content that was removed given an increase in 
{Vf) depends on the properties o f coarse aggregate and fibers (densities, specific surface 
areas, grain-size distribution o f coarse aggregate, Vf, fiber length, and fiber apparent 
diameter). The FR-SCC mixtures were characterized by long retention o f  workability. In 
the hardened state, the FR-SCC mixtures had f ' c, f ’sp ,fr, and E c values at 28 d o f 40 to 55 
MPa, 5 to 7 MPa, 7 to 8  MPa, and 27 to 36 GPa, respectively. These optimized mixtures 
exhibited low 56-d chloride-ion permeability values o f 600-800 Coulomb, relatively low 
capillary porosity o f 50 to 70 mmVg, and relatively high drying shrinkage o f  500 to 900 
pstrains at 120 d compared to conventional vibrated concrete (CVC). The latter had / ’c,
1
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f ’sP,f r ,  and E c values at 28 days o f 26-33 MPa, 3 MPa, 4 MPa, and 28 GPa, respectively. 
The 56-d chloride-ion permeability, 56-d capillary porosity, and 120-d drying shrinkage 
values o f CVC were 6250 Coulomb, 65 mm3/g, and 500 pstrains, respectively.
13.2 Mechanical properties
Many series were undertaken to measure and predict key mechanical properties o f the 
optimized concrete mixtures, namely f ’c, f ’Sp, E c, and f r . The mixtures included CVC, FR-CVC, 
FR-CEM, SCC, FR-SCC, SCM, and FR-SCM. More than 2120 cylinders and 180 prisms were 
tested at different ages up to one year o f  age. Five fiber types were used. The Vj ranged 
between 0.25% and 2.15% depending to the mixture type. Four models were used to evaluate 
the prediction o f  f ' cj  o f  the fibrous mixtures as function o f  f ’c o f  reference mixtures made 
without fibers; six models were tested for f ’c as function o f time (/'V(t)), up to 26 models for 
f ’sp, up to 22 models for f r, up to 33 models for E c, and three models for E c as function o f  time 
(E c(t)). Some o f these models consider the V/ and/or fiber factor (Rf) .  For some o f the 
investigated properties, the existing models were modified with incorporation o f correction 
factors to provide a better fit o f  the data for the self-consolidating fibrous mixtures. In some 
cases, such modification was not possible, and new models were proposed that take into 
consideration fiber characteristics ( Vf or Rf)  and the entire cementitious matrix characteristics 
( f 'c  Ec, f ' sp, or f r).
1. For the self-consolidating mixtures (SCC, FR-SCC, SCM, and FR-SCM) o f different 
preparation and curing methods, the best mean experimental-to-theoretical ratios and 
coefficients o f variations (COV) values ranged between 0.98 and 1.24, and 1% and 21%, 
respectively, regardless o f  the mechanical property and mixture type.
2. The modified models or newly proposed models offered reasonable degree o f  prediction o f 
the mechanical properties o f all investigated mixture types. The mean experimental-to- 
theoretical ratios and COV values were 1.00 to 1.02, and 2% to 16%, respectively, 
regardless o f the mechanical property. For the FR-SCC mixtures, the mean experimental- 
to-theoretical ratios and corresponding COV ranged between 1.00 and 1.02, and 8% and 
16%, respectively, regardless o f  the mechanical property. For the FR-SCC, the proposed
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models for f r and E c provided the highest mean correlation ratios o f 1.00 and 1.01, 
respectively, and COV o f 8%, and 8%, respectively.
3. When self-consolidating mixtures were prepared many times with one production and 
curing method, the spread in mean experimental-to-theoretical values varied between - 
14% to 15% and the corresponding mean COV were enhanced by up to 16%, regardless o f 
the mechanical property and the testing age, compared to the same mixtures prepared with 
different production and curing methods. For FR-SCC mixtures, the enhancement o f  the 
mean experimental-to-theoretical values and their corresponding COV were -12% to 6%, 
and 3% to 16%, respectively, regardless o f the mechanical property.
13.3 Drying shrinkage
In total, 21 mixtures including CVC, SCC, FR-SCC, and FR-SCM were tested for drying 
shrinkage. Seven prediction models were tested for applicability for fibrous self-consolidating 
materials. The application o f  these models, designed mainly to predict drying shrinkage o f  
conventional concrete, did not fit well to the experimental data o f  the self-consolidating 
mixtures.
1. The models were successfully modified with the incorporation o f correction factors that 
provided high correlation with the experimental data. The correlation coefficients using the 
modified models ranged between 0.92 and 0.99 for FR-SCC and 0.84 and 0.99 for FR- 
SCM.
2. Amongst the prediction models, the modified SAKATA model, followed by the modified 
CEB-FIP model were the best models predicting drying shrinkage o f FR-SCC and FR- 
SCM.
13.4 Restrained shrinkage
Four reference mixtures were tested under restrained shrinkage: SCC without fiber, SCC with 
synthetic and steel fibers at 0.5% Vj,, and SCM with steel fibers at 0.8% Vj. These mixtures 
were also prepared with liquid shrinkage-reducing admixture (SRA) or powder expansive 
agent (EA) to further reduce shrinkage and cracking. The SCM mixture was also prepared 
with both o f  the both SRA and EA.
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1. Drying shrinkage was found to be the main parameter affecting the cracking potential 
responses (crack width, w cr, and time-to-cracking, tcr) o f mixtures.
2. The incorporation o f steel fibers reduced the w cr by up to 50% and extended tcr up to 2.5 
times. Synthetic fibers reduced w cr by up to 40%.
3. The SRA and EA combined separately with fibers exhibited a synergetic effect in 
mitigating drying shrinkage (reduction o f  shrinkage by up to 45%), w cr (reduction o f up to 
45%), and tcr (delay o f up to 780%), regardless o f  the fiber type. The powdered EA 
performed better than the liquid SRA in terms o f  crack mitigation (reduction o f up to 5 %  
in w cr), tcr (delay o f up to 60%), and drying shrinkage (reduction o f 8% to 26%), regardless 
o f  the presence o f  fibers and regardless o f  the fiber type.
4. Steel fibers performed better than synthetic fibers in mixtures made with/without SRA or 
EA. The enhancement varied between -5% and 250% for tcr, 1 %  and 25% reduction for 
drying shrinkage, and 3% and 12% reduction for w cr.
5. The EA in SCC made with steel fibers offer the best solution in reducing the restrained 
cracking potential; thin and short cracks that appeared after 36 days, without visible loss o f 
tensile stress o f  the ring mixture.
6. Self-consolidating mortars with medium f /o f  0.8% had lower w cr (reduction o f  up to 45%) 
compared to SCC made without fibers, despite the 70% higher drying shrinkage. The FR- 
SCM achieved a shorter tcr (reduction o f 70%) compared to SCC, due to the higher drying 
shrinkage. The combination o f SRA and EA with SCM containing high-performance steel 
fibers (shape resisting to slipping and high modulus o f elasticity) led to an extended tcr and 
reduction o f the cracking potential. This combination can lead to reduction in drying 
shrinkage by up to 10%, extend tcr by up to 90%, and w cr by up to 50%, compared to the 
same mixture made with EA.
7. From the cracking potential criteria, the FR-SCC mixtures ranked the best having up to 
low cracking potential), followed by the FR-SCM mixture that had high to moderate-high 
cracking potential), and SCC without fibers that had high cracking potential, regardless o f 
the use o f shrinkage reducing admixtures.
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8. The tcr for both FR-SCC and FR-SCM can be predicted based on the main parameters 
affecting the cracking potential, namely the concrete elastic modulus, drying shrinkage, 
and autogenous shrinkage.
13.5 Repair technique
A repair technique was applied on large-scale beams using FR-SCC and FR-SCM.
1. The optimized mixtures were able to flow readily from one end o f  the beam to the other 
(about 3 m) into a restricted repair zone without blockage. Mixtures containing relatively 
long synthetic fibers (50 mm) necessitated casting without any consolidation at each hole 
made for air evacuation (equidistance o f 1 m) at low Vj (0.3%) and with some 
consolidation at higher V/.
2. There were no visible signs o f debonding o f  the repair layer from the substrate though the 
dimensional incompatibility between the repair materials (FR-SCC and FR-SCM) on one 
hand and the substrate (CVC) on the other hand.
13.6 Flexural response and durability
In total, 28 large-scale beams including monolithic beams used as reference specimens and
repair beams were tested under four-point flexure. In total, 13 monolithic beams were cast
with plain and fibrous concrete o f normal, semi-flowable, and flowable consistencies. Fifteen
other beams were repaired using self-consolidating mixtures (SCC, FR-SCC, and FR-SCM).
The main findings can be summarized as follows:
1. FR-SCC in either the monolithic or repair beams provided close in-place compressive 
strengths between the two beam ends indicating homogeneity. The core-to-cyfinder ratio 
o f compressive strengths was consistent and within the acceptable limits.
2. FR-SCC exhibited better durability than the conventional concrete in terms o f chloride-ion 
permeability and capillary porosity (reduction o f up to 90% and 25%, respectively).
3. In the monolithic beam sets, beams made with SCC with/without fibers performed 120% 
to 570% better than the reference beam made with plain CVC.
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4. The singular effects o f the cementitious matrix type (SCC vs. CVC) and fibers (in both 
SCC and CVC) can increase the structural performance by 120% to 280% and from 25% 
to 205%, respectively.
5. Compare to FR-SCC, the FR-SWC developed higher mechanical properties (up to 20%), 
structural properties (up to 40%), lower porosity and rapid chloride-ion permeability (up to 
15% and 35%, respectively) and similar cost (2% difference).
6. The repaired beams with self-consolidating mixtures (SCC, FR-SCC and FR-SCM) could 
offer similar or higher overall structural performance (up to 2.6 times) than the reference 
monolithic beams made with CVC. FR-SCC and FR-SCM had 1.5 to 3.3 times and 2.7 
times higher structural performance than the SCC, respectively.
7. Most o f the structural parameters characterizing the overall performance o f the repair 
beams cast with self-consolidating mixtures were enhanced compared to the reference 
monolithic beam cast with CVC. The beam elements repaired with self-consolidating 
mixtures can offer 23% to 86% o f the structural performance o f monolithic beams made 
fully with the same mixture. However, the repair beams still developed 15% to 230% 
higher performance than the reference monolithic beams made with CVC. The beams 
repaired with plain SCC experienced the lowest relative overall performance in the repair 
beam set.
8. Discrete fibers in the repair beams were capable to replace 50% o f the steel reinforcement 
supposed to be used in the tension repair zone (2 bars instead o f  3) without reducing the 
structural behavior.
9. In all cases o f monolithic and repair beams, the best performance belongs to beams 
containing fibers o f  the highest mechanical and geometrical characteristics, i.e. ST and 
MU-S.
10. FR-SCC used for repair in this study is considered to be cost effective considering their 
superior structural performance, mechanical properties, and durability.
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13.7 Predictions of structural performance
The prediction o f  structural properties, such as crack width, crack load, ultimate load, and 
deflection o f the investigated beams was evaluated using AASHTO LFRD, ACI, and CSA 
A23.3 code equations. To simplify prediction calculations, the beams were divided into two 
sets o f 13 monolithic and 15 repaired beams. In total, 4 plain beams and 9 fibrous beams were 
considered in the set o f  monolithic beams. These numbers were 3 and 12 for the set o f  repair 
beams, respectively. The main findings on the predictions can be summarized as follows:
1. ACI 318 [2001] and CSA A23.3 [2004] provided the closest predictions o f  crack load 
(mean P exf/P,heo o f 1.05 and 1.08, respectively) compared to ACI 544 [2001] (mean ratio 
o f  0.66) for all 28 monolithic and repair beams and in both cases o f  plain and fibrous 
beams. The best prediction code for the whole investigated beams was ACI 318 [2001]. 
Similar prediction correlation with ACI 318 [2011] was obtained for 7 monolithic and 8 
repair beams o f the same materials (P exf/Ptheo o f 1.01 vs. 0.99, respectively), regardless o f 
the use o f fibers. For the 11 beams repaired with self-consolidating mixtures (SCC, FR- 
SCC, and FR-SCM), the ACI 318 [2011] code provided safe prediction o f the crack load 
with a mean P ex/P ,heo  o f 1.07 (0.87 for SCC and 1.08 for FR-SCM) and COV o f 14%.
2. The ultimate load o f the whole investigated 28 beams is predictable with higher prediction 
for the repaired beams giving a mean P ex/P iheo  o f  1.46 vs. 1.59 that obtained with the 
monolithic ones. The 8 repaired beams had closer prediction correlation with a mean 
Pexf/Ptheo o f 1.47 vs. 1.58 for 7 monolithic beams made with same mixtures, regardless o f 
the use o f fibers. For both cases o f monolithic and repair beams, the plain beams offered 
better prediction than the fibrous ones (mean P exf/Piheo o f  1.53 vs. 1.62 and 1.43 vs. 1.47 
respectively). For the 11 beams repaired with self-consolidating mixtures, the ultimate 
load prediction was safe and underestimated by a mean P exp/Ptheo o f 1.47 (1.54 for SCC 
and 1.41 for FR-SCM) and low COV o f 5%.
3. The ACI 318 [2011] code provided better correlation for crack width prediction than the 
ACI 544 code (mean w exf/w,heo o f 0.77 vs. 0.62, respectively) for the total o f  28 beams. For 
the 8 repaired beams compared to their corresponding 7 monolithic beams o f the same 
material, the mean w exf/w ,/,eo were 0.77 and 0.81, respectively, regardless o f the use o f 
fibers. For the 11 beams repaired with self-consolidating mixtures, the crack width
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prediction was safe and overestimated by a mean w exp/w ,heo o f 0.72 (1.11 for SCC and 0.24 
for FR-SCM) and COV o f 42% using the ACI 318 [2011] code.
4. The three codes o f  CSA A.23.3 [2004], AASHTO LRFD [2005], and ACI 318 [2011] 
provided similar correlations o f prediction o f deflection with mean A exp/A,heo o f  1.34, 1.37, 
and 1.38, respectively, for the total o f  28 beams. The ACI 363 [2011] code provided the 
lowest correlation with a mean A exp/A theo o f 2.12. With all codes, the deflection o f 
monolithic beams was better correlated than the repaired ones. In the case o f  CSA A23.3 
[2004], the mean A exf/A ,h eo was 1.18 and 1.48 for monolithic and repaired beams, 
respectively, regardless o f  the use o f fibers. Using the CSA A23.3 code and when 7 
monolithic beams compared to their corresponding 8 repair beams (of the same material), 
the deflection correlations were 1.25 and 1.49, respectively. For all codes, For the 11 
beams repaired with self-consolidating mixtures, the deflection prediction was non­
conservative and underestimated by a mean A exp/A,heo o f 1.37 (1.78 for SCC and 1.55 for 
FR-SCM) and COV o f 16% using the AASHTO LRFD [2005] code.
13.8 Flexural creep
Six frames representing six different mixtures were tested under four-point long-term bending 
testing. The mixtures included one reference FR-CVC with steel fibers, one SCC without any 
fibers, two SCCs with steel and synthetic fibers, one SCC with synthetic fibers combined with 
an expansive agent, and one SCM with steel fibers. The FR-SCC and FR-SCM mixtures were 
prepared with 0.5% and 0.8% V/, respectively.
1. The FR-SCC mixtures provided similar or greater (93% to 166%) long-term creep overall 
performance compared to the reference FR-CVC characterized by 20% to 33% lower 
drying shrinkage at 390 d and 2% to 10% higher modulus o f elasticity at 180 d. The 
overall performance in flexural creep is based on four parameters: deflection, concrete and 
steel reinforcement strains, and w cr.
2. SCC with steel fiber had 25% higher overall performance compared to CVC made with the 
same fiber type (decrease o f up to 25%, 30%, 20%, and 80% in mid-span deflection, strain 
in concrete, strain in steel reinforcement, and w cr, respectively).
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3. The incorporation o f steel fibers in SCC led to an increase in overall performance o f  700% 
compared to SCC without fibers (decrease o f  up to 25%, 30%, 20%, and 80% in mid-span 
deflection, strain in concrete, strain in steel reinforcement, and w cr, respectively).
4. The incorporation o f an EA in SCC with synthetic fibers reduced drying shrinkage by up 
to 17% and enhanced the overall performance by up to 80% (reduction o f  up to 23%, 10%, 
12%, and 40% in mid-span deflection, strain in concrete, strain in steel reinforcement, and 
w cr, respectively).
5. Unlike the SCC made without fibers, fibrous mixtures (FR-CVC, FR-SCC, and FR-SCM) 
respected the cracking limitation stipulated in ACI 318 [2011].
6. After exceeding the crack load and approaching the nominal load, residual deformations 
after the end o f  flexural creep testing (load removal and total stress relaxation) were not 
totally reversible, especially in terms o f  concrete strain and deflection.
7. From different mixture combinations investigated, it can be concluded that the combined 
use o f  SCC, steel fibers, and expansive agent can constitute the best overall approach to 
reduce long-term strain and cracking o f  repair concrete subjected to flexural creep.
8. FR-SCC with EA, FR-SCC, FR-CVC, and both SCC and FR-SCM ranked in descending 
order with regard to the best long-term overall performance. The overall performance o f 
FR-SCC (with expansive agent) could reach 10 times o f that o f SCC without fibers. This 
ranking can be predicted using instantaneous flexure with parameters considered in creep 
and crack, yield, and ultimate loads, toughness, and stiffness, or the ring test considering 
the tcr, w cr, autogenous shrinkage, and drying shrinkage.
9. It was also found that the main parameters affecting flexural creep are the concrete and 
fiber moduli o f  elasticity, splitting tensile strength, drying shrinkage, cement type, and use 
o f  EA.
13.9 Consolidation of FR-SWC
The effect o f  mechanical consolidation energy, fiber type, use o f  VMA, and fluidity level on
mechanical properties ( f ’c and f ’sp), segregation and surface quality was investigated for fiber-
reinforced superworkable concrete (FR-SWC). Eight FR-SWC mixtures made with/without
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VMA at 450 and 550 mm slump flow levels were prepared with synthetic and steel fibers;
both at 0.5% V/. Two other SCC mixtures without VMA and with the slump flow levels o f  450
and 550 mm were prepared. For each mixture 0, 5, 10, 15, 20, and 25 strikes were applied.
Vibration onto a vibrating table during 20 and 25 sec was also applied. The main findings are
summarized below.
1. Passing ability using a the modified J-Ring with clear spacing between bars o f  2.5 times o f 
the fiber length and modified L-box with a single bar near the vertical compartment can be 
evaluated. Maximal time o f  20 sec using a pencil vibrator was sufficient to achieve a 
minimal blocking ratio o f 80% and was also a good indication o f  passing ability o f 
superworkable (semi-flowable) concrete with/without fibers.
2. Casting o f  100x200 mm cylinders made with SWS/FR-SWC without consolidation can 
lead to surface defects, especially in viscous concrete containing VMA.
3. The increase in mechanical consolidation using the rodding method from 0 to 20 strikes 
enhanced the surface quality but did not increase mechanical strengths and segregation o f 
SWC and FR-SWC.
4. Consolidation onto a vibrating table for 25 s improved the surface quality by up to 55% 
and the overall mechanical properties o f  the SWC and FR-SWC by up to 20% but 
increased segregation up to 20% for all concretes (with/without fibers and with/without 
VMA) and 15% for the concretes with VMA.
5. For the mixtures that were consolidated with rodding, the incorporation o f  VMA enhanced 
the segregation resistance and mechanical properties by an average o f  up to 63% and 20%, 
respectively. However, the higher viscosity also led to lower surface quality (increase o f 
32% o f the honeycomb surface ratio on the average).
6. For the vibrated mixtures, the incorporation o f VMA improved segregation resistance by 
up to 60% but increased the honeycomb ratio by an average o f 40%.
7. The vibration increased mechanical properties by an average o f up to 9% and 19% in f ' c 
and f ’Sp, respectively, compared to mixtures that were rodded.
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8. Stable SWC and FR-SWC samples with a proper compromise between surface quality and 
resistance o f segregation can be obtained with casting the SWC in one layer and subjecting 
it to 20 strikes with a conventional rod.
9. FR-SWC with slump flow ranging between 450 and 550 mm with a blocking ratio o f  1 
after a maximum consolidation time o f 20 s can be used for infrastructure construction. 
The vibration equivalent during 20 s o f cylinders made with FR-SWC was estimated for 
beams prepared in -s itu  with the same concrete type to V* to lA  the consolidation energy 
applied on similar beams made with CVC. This estimation was based on the necessary 
time o f  vibration to obtain 100% filling capacity in the formwork, that is equivalent to 
blocking ratio o f 1 in the modified L-box, without causing neither segregation nor loss o f 
entrained air bubbles in the mixture.
13.10 Perspectives and recommendations
In this thesis, the w /cm  o f the self-consolidating mixtures (SCC, FR-SCC, and FR-SCM) was 
fixed to 0.42, which offers a good compromise o f workability, mechanical properties, and cost. 
Future research can consider different values to reduce drying shrinkage and cracking 
potential. For some properties such as drying shrinkage, it is beneficial to consider steam 
curing and other curing durations (longer than 7 d), and the use o f internal curing with the use 
o f  saturated lightweight sand.
1. Investigate the effect o f fiber orientation in thin repair sections on the cracking potential 
and structural performance o f composite beams repaired with FR-SCC.
2. In the area o f  flexural creep, it is important to evaluate the applicability o f the existing 
prediction codes on FR-SCC, and adapt these codes or establish new models with testing 
o f  more FR-SCC mixtures.
3. Investigate the flexural creep o f  FR-SWC for construction o f infrastructures would be 
interesting given its high performance in hardened state.
4. The beams in this study were tested under static four-point bending test. The structural 
behavior under dynamic loading would be o f  interest to assess the FR-SCC behavior under 
the fatigue loading. Also, it is advantageous to investigate other structural properties,
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including impact resistance, shear, and bond strength o f FR-SCC and FR-SWC for beam, 
slab, and column elements.
5. It is also much recommended to modify the existing prediction code models or to propose 
new models to enhance prediction o f  the structural properties (crack width, crack load, 
ultimate load, and deflection) o f  FR-SCC.
6. Modeling o f the repair characteristics such as bonding at the interface between the base 
concrete and the repair material.
7. Other ways for repair applications can also be considered, including stay-in-place 
formwork with repair SCC made without fibers. This method can reduce cracking 
potential and ensure high surface quality.
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CHAPTER 14 CONCLUSIONS ET RECOMMANDATIONS (FRAN^AIS)
Cette these a ete consacree au developpement et a F evaluation de la performance des betons 
autopla9 ants fibres (BAPF) pour les applications de reparation des infrastructures en beton. A 
Tissue des resultats obtenus a travers cette these, les principales conclusions peuvent etre 
resumees dans ce qui suit.
14.1 Caracteristiques generates des BAPF pour reparation
1. La formulation des BAPF, comme des materiaux de reparation devrait, compromettre 
entre les criteres de l’ouvrabilite requis pour la reparation et les performances a l’etat 
durci.
2. Les melanges de BAPF se caracterisaient par une haute fluidite avec un etalement de 650 a 
720 mm, T 50 de 1 a 1.3 sec, une haute facilite de passage avec un J-Ring modifie de 620 a 
710 mm (et un Ah de J-Ring modifie de 5 a 15), un rapport de blocage avec la boite en L 
modifiee de 0.75 a 1 (et un temps T70 de 0.8 a 1.9 sec), un temps d ’entonnoir de 2.2 a 4.8 
sec. Les BAPF avaient aussi une bonne stabilite en termes de Tindice visuel de stabilite 
compris entre 0 et 0.5 dans la plupart des cas et un tassement de surface maximal de 0.5%, 
ainsi qu’une capacite de remplissage de 75% a 100%. Ceci est du a la methode de 
formulation des BAPF basee sur la reduction de la quantite des gros granulats du melange 
de beton autopla9 ant (BAP) de reference avec Fincorporation des fibres. Les BAPF ont 
egalement ete prepares avec Fincorporation de 5% a 8% d ’air entraine dans la plupart des 
cas, Fincorporation de superplastifiants et d ’agents viscosants garantissant une bonne 
coulabilite et une bonne viscosite. La viscosite plastique determine par le rheometre 
modifie Tattersall variait entre de 3 et 13 Pa.s et le seuil de cisaillement dynamique entre 
30 et 95 Pa.
La relation entre la teneur en gros granulats a enlever et le volume de fibres (V/) a 
incorporer depend simultanement des proprietes des gros granulats et des fibres (densites, 
surfaces specifiques, granulometrie des gros granulats, volume, diametre et longueur 
desdites fibres). Les BAPF etaient caracterises par une longue retention de fluidite avec le 
temps. A l’etat durci, les BAPF avaient des f ' c, f ' sp, f r, et E c a 28 jours de 40 a 55 MPa, 5 a 
7 MPa, 7 a 8 MPa, 27 a 36 GPa, respectivement. Ces melanges optimises avaient une
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faible permeabilite aux ions chlorure de 600 a 800 Coulomb et une porosite capillaire 
relativement plus faible (50 a 70 mm3/g) a 56 jours, ainsi qu’un retrait de sechage 
relativement plus eleve (500 a 900 deformations) a 120 jours, par rapport a un beton 
conventionnel vibre (BCV). Ce dernier a des valeurs de f ’c, f ’sp,fr et Ec a 28 jours de 26 a 
33 MPa, 3 MPa, 4 MPa et 28 GPa, respectivement. La permeabilite aux ions chlorure et la 
porosite capillaire a 56 jours ainsi que le retrait de sechage a 120 jours du BCV etaient 
6250 Coulomb, 65 mm3/g et 500 microdeformations, respectivement.
14.2 Proprietes mecaniques
Plusieurs series de mesures et de predictions ont ete effectuees pour les proprietes mecaniques 
cles des melanges de betons optimises a savoir f ' c, f ’sp, E c et f r. Ces melanges incluaient un 
BCV, un mortier de BCV fibre, un BAP, des BAPF, un mortier autoplasant (MAP) et des 
MAP fibres (MAPF). Plus de 2120 cylindres et plus de 180 prismes ont ete testes a differents 
ages ju squ’a un an. Cinq types de fibres ont ete utilises. Le Vf variait de 0.25% a 2.15% 
dependamment du type de melange. Quatre modeles ont ete utilises pour predire la resistance 
en compression des melanges fibres ( f ’cj) en fonction de celle des melanges references non 
fibres i f ’c), six modeles pour f c en fonction du temps (A ft)), jusqu’a 26 modeles pour f ' sp, 
jusqu’a 22 modeles pour f r, jusqu’a 33 modeles pour E c et trois modeles pour E c en fonction 
du temps (E c(t)). Certains de ces modeles considerent le Vf et/ou le facteur de fibres (/?/). Pour 
certaines de ces proprietes, les modeles existants ont ete modifies avec 1’incorporation des 
facteurs de correction pour avoir de meilleures correlations avec les resultats experimentaux 
des melanges autopla?ants fibres (BAP, BAPF et MAPF). Dans certains cas, une telle 
modification n ’est pas possible, done de nouveaux modeles ont ete proposes en tenant compte 
des proprietes des fibres (V fe \  R l)  et les caracteristiques de de la matrice cimentaire entiere ( f ’c ,
E cJ Sp, OUfr).
1. Pour les melanges autopla?ants (BAP, BAPF, MAP et MAPF) de differentes preparations 
et methodes de murissement, les meilleurs rapports moyens des valeurs experimentales sur 
les valeurs theoriques et les coefficients de variation (CDV) correspondant etaient de 0.98 
a 1.24 et de 1% a 21% respectivement quels que soientt la propriete mecanique et le type 
du melange.
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2. Les modeles modifies ou les nouveaux modeles proposes ont offert un degre raisonable de 
prediction des proprietes mecaniques de tous les types de melanges etudies. Les rapports 
de correlation et les CDV correspondant ont pris des valeurs de 1.00 a 1.02 et de 2% a 
16%, respectivement quelle que soit la propriete mecanique. Pour les BAPF, ces valeurs 
variaient entre 1.00 et 1.02, et 8% et 16% respectivement, quelle que soit la propriete 
mecanique. Pour les BAPF, les modeles proposes pour f r et Ec ont donne les meilleures 
correlations avec des rapports moyens de correlation de 1.00 et 1.01 respectivement et un 
COV de 8% et 8% dans l’ordre.
3. Quand les melanges autopla^ants fibres ont ete prepares plusieurs fois avec une seule 
methode de production et de murissement, la deviation dans les rapports moyens de 
correlation variaient entre -14% et 15% et les CDV correspondant ont ete ameliores 
ju squ’a 16% quelque soit la propriete mecanique et l’age de l’essai, par rapport a ces 
melanges prepares avec differentes methodes de production et de murissement. Pour les 
BAPF, Famelioration dans les rapports moyens de correlation et les CDV correspondant 
etait de -12% a 6%, et de 3% a 16% dans l’ordre quelle que soit la propriete mecanique.
14.3 Retrait de sechage
En total, 21 melanges incluant BCV, BAP BAPF et MAPF ont ete testes pour le retrait de 
sechage. Sept modeles de prediction ont ete testes pour leur applicability aux materiaux 
autopla9 ants fibres. L’application de ces modeles etablis principalement pour predire le retrait 
de sechage des BCV n ’a pas donne de bonnes correlations avec les resultats experimentaux sur 
les melanges autopla9 ants.
1. Les modeles ont ete modifies avec succes en introduisant des facteurs de correction qui ont 
foumi de correlations superieures avec les donnees experimentales. Les coefficients de 
correlation avec les modeles modifies variaient de 0.92 a 0.99 pour les BAPF et de 0.84 a
0.99 pour MAPF.
2. Parmi les modeles de prediction, celui de SAKATA modifie, suivi par le modele modifie 
de CEB-FIP ont offert les meilleures predictions du retrait de sechage des BAPF et MAPF.
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14.4 Retrait restreint
Quatre melanges ont ete testes en retrait restre in t: un BAP sans fibres, deux BAPF avec des 
fibres synthetiques et metalliques a un Vj de 0.5% et un MAPF avec des fibres metalliques a 
un Vf de 0.8%. Ces melanges ont ete egalement prepares avec un agent reducteur de retrait 
(ARR) liquide et un agent expansif (AE) pour reduire encore le retrait et la fissuration. Le 
melange de MAP a ete aussi prepare avec ces deux adjuvants ensemble.
1. Le retrait de sechage a ete retrouve le parametre principal qui affecte les reponses du 
potentiel de fissuration (largeur de fissures, w cr, et temps de fissuration, tcr) des melanges.
2. L’incorporation des fibres metalliques a pu reduire w cr jusqu’a l’ordre de 50% et prolonger 
tcr jusqu’a 2.5 fois. Les fibres synthetiques ont reduit w cr ju squ 'a  40%.
3. L ’ARR et l’AE combines separement avec les fibres ont exhibe un effet synergetique sur 
l’attenuation du retrait de sechage (reduction jusqu’a 45%), w cr (reduction jusqu’a 45%) et 
tcr (retard jusqu’a 780%), quel que soit le type de fibres. L ’AE en poudre a performe mieux 
que le l’ARR liquide en termes de l’attenuation de la fissuration (reduction de w cr jusqu’a 
5%), le tcr (retard jusqu’a 60%), le retrait de sechage (reduction de 8% a 26%) 
independamment de la presence de fibres et du type de fibres.
4. Les fibres metalliques ont performe mieux que les fibres synthetiques dans les melanges 
prepares avec/sans ARR ou AE. La difference de la performance variait de -5% a 250% 
pour tcr et de 3% a 12% pour w cr.
5. L’AE dans le BAP avec des fibres metalliques a ete trouve comme la meilleure 
combinaison offrant un faible potentiel de fissuration avec 1’apparition de fissures tres 
fines et courtes apres 36 jours, sans une perte visible de contraintes en traction du melange 
autour de l’anneau.
6. Les MAP avec un f/m oyen  de 0.8% avaient moins de fissuration (reduction de w cr jusqu’a 
45%) par rapport au BAP sans fibres, malgre que le retrait de sechage est plus eleve 
(difference de 70%). Les MAPF ont atteint un tcr plus court (reduction de 70%) par rapport 
au BAP, du retrait de sechage plus eleve. La combinaison de l’ARR et l’AE avec des MAP 
contenant de fibres metalliques de haute performance (forme resistant au glissement et 
module d ’elasticite eleve) a etendu tcr et reduit le potentiel de fissuration. Cette
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combinaison a pu mener a la reduction du retrait de sechage jusqu’a 10%, prolongement 
de tcr jusqu’a 90% reduction de w cr jusqu’a 50% par rapport au meme melange fabrique 
avec l’AE.
7. A partir des criteres du potentiel de fissuration, Les BAPF sont classes les meilleurs 
melanges avec un potentiel de fissuration faible, suivis par les MAPF (jusqu’au potentiel 
moyennement eleve) et les BAP sans fibres (potentiel de fissuration eleve) avec/sans 
agents reducteurs de retrait.
8. Le tcr pour les BAPF et MAPF a pu etre predit en se basant sur les principaux parametres 
affectant le potentiel de fissuration a savoir le module elastique du beton, le retrait de 
sechage et le retrait endogene.
14.5 Technique de reparation
Une technique de reparation a ete appliquee sur des poutres a grande echelle utilisant des 
BAPF et des MAPF.
1. Les melanges optimises etaient capables de couler facilement a partir d ’une extremite de la 
poutre a l’autre (3 m) dans une zone de reparation sans blocage. Les melanges contenant 
des fibres synthetiques relativement longues (50 mm) ont necessite un coulage sans 
consolidation a chaque distance d ’un metre pour Vj de 0.3% et ont exige une certaine 
consolidation avec un Vf superieur.
2. II n ’y avait pas de signes visibles de decollement de la couche de reparation du beton de 
base malgre 1’incompatibility dimensionnelle entre les materiaux de reparation (BAPF et 
MAPF) d ’une part et le beton substrat (BCV) d ’autre part.
14.6 Reponse en flexion et durability
En total, 28 poutres a grande echelle incluant des poutres monolithiques comme references et 
des poutres de reparation ont ete testees en flexion a quatre points. En total, 13 poutres 
monolithiques ont ete fabriquees par des betons avec/sans fibres a des consistances normales, 
semi-fluides et fluides. Quinze autres poutres ont ete reparees avec des melanges autoplai^ants 
(BAP, BAPF et MAPF). Les principaux resultats peuvent etre recapitules dans ce qui suit.
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1. Les BAPF dans chacune des poutres monolithiques ou des poutres reparees ont donne des 
resistances en compression des carottes proches entres les deux extremites des poutres 
indiquant une bonne homogeneite. Le rapport des resistances entre les carottes et les 
cylindres etait consistant et se situe dans les limites tolerees.
2. Les BAPF ont montre une meilleure durability par rapport au BCV en termes de 
permeabilite aux ions chlorure et porosite capillaire (reduction jusqu’a 90% et 25% dans 
l’ordre).
3. Dans le group des poutres monolithiques, les poutres fabriquees par des BAP avec/sans 
fibres ont performe de 120% a 570% mieux qu’une poutre de reference en BCV sans 
fibres.
4. Les effets singuliers du type de la matrice cimentaire (BAP contre BCV) et des fibres 
(dans les deux cas du BAP et BCV) peuvent augmenter la performance structurale de 
120% a 280% et de 25% a 205% respectivement.
5. Comparativement aux BAPF, les betons semi-fluides fibres (BSFF) ont developpe de 
proprietes mecaniques relativement plus elevees (jusqu’a 20%), proprietes structurales 
superieure (jusqu’a 40%), porosite et permeabilite jusqu’a 15% et 35% moins elevees 
respectivement et des couts similaires (reduction de 2%).
6. Les poutres reparees par des melanges autopla<pants (BAP, BAPF et MAPF) ont pu offrir 
une performance structurale similaire ou plus elevee (jusqu’a 2.6 fois) que celle des 
poutres monolithiques temoins de BCV. Les BAPF et les MAPF avaient des performances 
structurales 1.5 a 3.3 fois et 2.7 fois plus elevees que le BAP respectivement.
7. La plupart des parametres structuraux caracterisant la performance generate des poutres 
reparees par des melanges autopla9 ants a ete amelioree par rapport aux poutres 
monolithiques references de BCV. Les elements de poutres reparees avec des melanges 
autopla?ants peuvent offrir entre 23% et 86% de la performance structurale des poutres 
monolithiques correspondantes fabriquees completement des memes melanges. Par contre, 
les poutres reparees developpent des performances structurales de 15% a 220% 
superieures a celle d ’une poutre de BCV. Les poutres reparees par un BAP ont offert la 
plus faible performance structurale relative parmi le groupe des poutres reparees.
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8. Les fibres discretes dans les poutres reparees etaient capables de remplacer 50% des barres 
d'arm atures supposees a etre utilisees dans la zone de reparation tendue (2 au lieu de 3 
barres) sans reduction de la performance structurale.
9. Dans tous les cas des poutres monolithiques et des poutres reparees, la meilleure 
performance appartenait aux fibres de caracteristiques mecaniques et geometriques 
superieures, c’est-a-dire les fibres ST et MU-S.
10. Les BAPF utilises pour la reparation dans cette etude sont consideres de bons rapports 
qualite/prix tenant compte leurs performances structurales, proprietes mecaniques et 
durabilite.
14.7 Predictions structurales
La prediction des proprietes structurales telle que la charge de fissuration, la charge ultime, la 
fissuration et la deflexion des poutres etudiees a ete evaluee utilisant des equations des normes 
AASHTO LFRD, ACI et CSA. Pour simplifier les calculs de predictions, les poutres ont ete 
divisees en deux groupes de 13 poutres monolithiques et 15 poutres reparees. Au total, 4 
poutres sans fibres et 9 poutres fibrees ont ete considerees dans le groupe des poutres 
monolithiques. Ces nombres etaient 13 et 12 pour les poutres reparees respectivement. Les 
principales conclusions concemant les predictions peuvent etre resumees dans ce qui suit.
1. Les normes ACI 318 [2011] et CSA A23.3 [2004] ont donne les meilleures predictions de 
la charge de fissuration {P exp/Ptheo moyen de 1,05 and 1,08 respectivement) par rapport a la 
norme ACI 544 [2011] (P ex//Ptheo moyen de 0,66) pour toutes les 28 poutres testees dans 
tous les cas des poutres avec ou sans fibres. La meilleure norme pour la totalite des poutres 
etait ACI 318 [2011]. Une correlation similaire pour la prediction de la charge de 
fissuration avec ACI 318 [2011] a ete obtenue pour 7 poutres monolithiques et 8 poutres 
reparees du meme materiau (P exf/Piheo moyen de 1,01 vs 0,99 respectivement) quelle que 
soit l’utilisation des fibres. Pour les 11 poutres reparees avec les melanges autopla9 ants 
(BAP, BAPF et MAPF), La norme ACI 318 [2011] a donne une prediction securitaire pour 
la charge de fissuration avec un rapport moyen P exr/Ptheo de 1.07 (0.87 pour les BAP et
1.08 pour les MAPF) et un CDV moyen de 14%.
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2. La charge ultime de la totalite des 28 poutres est predictible avec une meilleure prediction 
pour les poutres reparees avec un P exp/ P theo moyen de 1,46 contre 1,59 obtenu avec les 
poutres monolithiques. Les 8 poutres reparees avaient une correlation de prediction plus 
elevee avec P exr/Ptheo moyen de 1,47 vs. 1,58 pour 7 poutres monolithiques du meme 
materiau, avec/sans l’utilisation de fibres. Dans les deux cas de fibres monolithiques et 
reparees, les poutres non fibrees ont donne une meilleure correlation par rapport aux 
poutres fibrees (P exf/Piheo moyen de 1,53 vs. 1,62 et 1,43 vs. 1,47 respectivement). Pour les 
11 poutres reparees avec les melanges autopla9 ants, la prediction de la charge ultime est 
securitaire et sous-estimee avec un rapport moyen P exf/Ptheo de 1.47 (1.54 pour les BAP et 
1.41 pour les MAPF) et un CDV moyen de 5%.
3. La norme Cl 318 [2011] a offert une meilleure correlation pour la prediction de la 
fissuration par rapport a la norme ACI 544 [2011] (w exf/ w theo moyen de 0,77 vs. 0,62 
respectivement) pour la totalite des 28 poutres. Les 8 poutres reparees ont donne w ex/w ,h eo 
moyen de 0,77 contre 0,81 pour les poutres monolithiques du meme materiau avec/sans 
l’utilisation des fibres. Pour les 11 poutres reparees avec les melanges autopla^ants, la 
prediction de la fissuration est securitaire et surestimee avec un rapport moyen w exp/w theo 
de 0.72 (1.11 pour les BAP et 0.24 pour les MAPF) avec un CDV de 42% a l’aide de la 
norme ACI 318 [2011].
4. Les trois codes de CSA A23.3 [2004], AASHTO LRFD [2005] et ACI 318 [2011] ont 
foumi des correlations similaires pour la prediction de la fleche avec des A exp/A theo moyens 
de 1,34, 1,37 et 1,38, respectivement pour la totalite des 28 poutres. La norme ACI 363 
[2011] a donne une faible correlation avec un A exp/A,heo moyen de 2,12. Toutes les normes, 
la deflexion des poutres monolithiques est mieux correlee qu’avec les poutres reparees. 
Dans le cas de la norme CSA A23.3 [2004], le rapport A ex!/A ,h eo moyen etait 1,18 et 1,48 
pour les poutres monolithiques et reparees respectivement avec/sans fibres. Avec la norme 
CSA A23.3 [2004], les 7 poutres monolithiques et les 8 poutres reparees des memes 
materiaux avec/sans fibres ont donne des A exp/A,heo moyens de 1,25 et 1,49 dans l’ordre. 
Pour les 11 poutres reparees avec les melanges autopla9ants, la prediction de la deflexion 
est non securitaire et sous-estimee avec un rapport moyen A exp/A,),eo de 1.37 (1.78 pour les 
BAP et 1.55 pour les MAPF) et un CDV moyen de 16% par la norme AASHTO [2005].
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14.8 Fluage flexionnel
Six montages representant differents melanges ont ete testes en flexion de quatre points a long 
terme. Les melanges ont inclus un BCV fibre (BCVF) avec des fibres metalliques, un BAP 
sans fibres, deux BAP de fibres metalliques et synthetiques, un BAP de fibres synthetiques 
combinees avec un agent expansif et un MAP de fibres metalliques. Les BAPF et MAPF ont 
ete prepares avec des t /d e  0.5% et 0.8% respectivement.
1. Les BAPF ont donne une performance generale similaire ou meilleure (93% a 166%) par 
rapport au BCVF de reference caracterise par un retrait de sechage 20% a 33% plus faible 
a 390 jours et un module d ’elasticite 2% a 10% plus eleve a 180 jours. La performance 
generale en fluage etait basee sur quatre parametres: deflexion, deformations du beton et 
du ferraillage et w cr.
2. Le BAP de fibres metalliques avait une performance generale 25% superieure a celle du 
BCVF fabrique avec le meme type de fibres (reductions jusqu’a 25%, 30%, 20% et 80% 
dans la deflexion, la deformation du beton, la deformation du ferraillage et w cr 
respectivement).
3. L’incorporation des fibres metalliques dans le BAP a augmente la performance generale de 
700% par rapport au BAP sans fibres (diminution jusqu’a 25%, 30%, 20% et 80% dans la 
deflexion, la deformation du beton, la deformation du ferraillage et w cr dans l’ordre).
4. L ’incorporation d ’un AE dans un BAP de fibres synthetiques a reduit le retrait de sechage 
jusqu’a 17% et a ameliore la performance generale de 80% (reduction de jusqu’a 23%, 
10%, 12%, et 40% dans la deflexion, la deformation du beton, la deformation du 
ferraillage et w cr respectivement).
5. Contrairement au BAP sans fibres, les melanges fibres (BOVF, BAPF et MAPF) ont 
respecte les limites de fissuration exigees par la norme ACI 318 [2011].
6. Apres le depassement de la charge de fissuration et le rapprochement de la charge 
nominale, les deformations residuelles apres la fin du test de fluage (enlevement des 
charges et relaxation totale des contraintes) n ’etaient pas totalement reversibles apres une 
totale relaxation, particulierement en termes des deformations du beton et la deflection.
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7. A partir des differentes combinaisons etudiees, il peut etre conclu que la combinaison du 
BAP avec des fibres metalliques et l’AE peut constituer la meilleure approche generale 
pour reduire la fissuration et les deformations a long terme du beton de reparation soumis 
au fluage flexionnel.
8. Les BAPF avec un AE, les BAPF, les BCVF suivis par chacun des BAP et MAPF a degre 
similaire sont classes dans l’ordre decroissant de la meilleure performance generale a long 
terme. La performance generale des BAPF (avec AE) a pu atteindre 10 fois celle du BAP 
sans fibres. Ce classement peut etre predit en utilisant la flexion instantanee avec les 
parametres consideres dans le fluage, plus la charge de fissuration, la charge elastique, la 
charge ultime, la tenacite et la rigidite ou a partir de l’essai de l’anneau considerant tcr, w cr, 
le retrait de sechage et le retrait endogene.
9. II a ete trouve que les parametres qui affectent le fluage flexionnel sont les modules 
elastiques des fibres et de la matrice cimentaire, la resistance en traction, le retrait de 
sechage, le type de ciment, et l’utilisation d ’un AE.
14.9 Consolidation des BSFF
L’effet de l’energie de la consolidation mecanique, du type de fibres, de l’utilisation d ’un 
agent colloidal (AC) et du niveau de fluidite sur les proprietes mecaniques ( f ’c and f sp), la 
segregation et la qualite de surface des betons semi-fluides (BSF) a ete etudie. Huit betons 
semi-fluides fibres (BSFF) avec/sans AC, a deux niveaux d ’etalement de 450 mm et 550 mm 
ont ete prepares avec des fibres synthetiques et metalliques; les deux a un dosage de 0.5%. 
Deux autres BSF sans AC et avec les deux niveaux d ’etalement de 450 mm et 550 mm ont ete 
prepares. Pour chaque melange, 0, 5, 10,15, 20 et 25 coups (piques) ont ete appliques. Une 
vibration de 20 et 25 sec sur une table vibrante a ete egalement appliquee. Les principales 
conclusions peuvent etre resumees dans ce qui suit.
1. La facilite de passage a l’aide de l’essai J-Ring modifie avec un espacement fibre entre les 
armatures de 2.5 fois la longueur de la fibre et l’essai de L-box modifie avec une seule 
barre pres du compartiment vertical peut etre evaluee. Un temps maximal de 20 sec par un 
vibreur ayant un diametre de 33 mm etait suffisant pour achever un rapport de blocage
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minimal de 80% et est une bonne indication de la facilite de passage des BAF avec/sans 
fibres.
2. Le coulage des cylindres de 100x200 mm fabriques par des BSF et BSFF sans 
consolidation entraine des defauts de surface, particulierement avec les melanges 
contenant des AC.
3. L’augmentation de la consolidation mecanique par piquage de 0 a 20 coups ameliore la 
qualite de surface exterieure mais n ’affecte pas les resistances mecaniques et la 
segregation des BSF et BSFF.
4. La consolidation par vibration pendant 25 sec ameliore la qualite de surface jusqu’a 55% 
et les proprietes mecaniques des BSF et BSFF jusqu’a l’ordre de 20% mais augmente la 
segregation jusqu’a 20% de tous les betons (avec/sans fibres et avec/sans AC) et 15% pour 
les betons avec AC.
5. Pour les betons soumis au piquage, 1’incorporation d ’un AC a ameliore la resistance a la 
segregation et les proprietes mecaniques avec une moyenne de 63% et 20% respectivement. 
Par contre, la presence de l’AC a augmente la surface des nids d ’abeilles avec une 
moyenne de 32%.
6. Pour les betons vibres, 1’incorporation d ’un AC a ameliore la resistance a la segregation 
jusqu’a 60%, mais a augmente la surface des nids d ’abeilles avec une moyenne de 40%.
7. La vibration a ameliore les proprietes mecaniques avec une moyenne de 9% et 19% pour 
f ’c et f ’sp, respectivement, par rapport aux melanges recevant un piquage.
8. Avec un compromis entre la surface de nids d ’abeilles et la resistance a la segregation, des 
echantillons de BSF et BSFF peuvent etre obtenus avec le coulage en une seule couche et 
piques 20 fois avec une tige conventionnelle.
9. Des BSFF ayant un etalement variant entre 450 et 550 mm et un rapport de blocage de 1 
apres un temps de consolidation maximal de 20 sec peuvent etre utilises pour la 
construction des infrastructures. L ’equivalent de la vibration pendant 20 sec des cylindres 
fabriques de BSFF a ete estime sur des poutres preparees a grande echelle in -s itu  avec les 
memes betons a 'A a 'A l’energie de consolidation appliquee sur des poutres similaires 
fabriquees de BCV. Cette estimation est basee sur le temps de vibration pour avoir une 
capacite de remplissage de 100% dans le coffrage qui est equivalent a un rapport de
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blocage de 1 dans le L-box modifie, sans avoir une segregation ni une perte des bulles 
d ’air dans le melange.
14.10 Perspectives et recommandations
Dans cette these, le rapport e /c  des melanges autopla?ants (BAP, BAPF et MAPF) a ete fixe a
0.42.offrant un bon compromis entre l’ouvrabilite, les proprietes mecaniques et le cout. Des 
recherches futures pourraient considerer de differentes valeurs pour reduire le retrait de 
sechage et le potentiel de fissuration. Pour quelques proprietes telles que le retrait de sechage, 
il est benefique de considerer le murissement a l’etuve et d ’autres durees de murissement (plus 
longues que 7 jours), ainsi que l’utilisation d ’un murissement interne avec un sable leger 
sature.
1. Etudier l’effet de 1’orientation de fibres dans des sections de reparation minces sur le 
potentiel de fissuration et la performance structurale des composites de poutres reparees 
avec des BAPF.
2. Dans le domaine du fluage flexionnel, il est important d ’evaluer l’applicabilite des 
modeles existants sur les BAPF et adapter ces modeles ou etablir de nouveaux modeles 
avec plus d ’essais sur les melanges de BAPF.
3. Etudier le fluage flexionnel des BSFF pour la construction des infrastructures serait 
interessant vu leur haute performance a l’etat durci.
4. Les poutres dans cette etude ont ete testees en flexion de quatre points. Le comportement 
structural sous un chargement dynamique serait interessant pour evaluer le comportement 
des BAPF sous des essais de fatigue. II est aussi avantageux d’etudier d ’autres proprietes 
structurales comme la resistance a l’impact, le cisaillement, l’adherence des BAPF et 
BSFF pour des elements de poutres, dalles et colonnes.
5. II est egalement tres recommande de modifier les modeles de prediction existants pour 
ameliorer la prediction des proprietes structurales (largeur et charge de fissuration, charge 
ultime et deflexion) des BAPF.
6. Modeliser les caracteristiques de reparation telle que l’adherence a l’interface entre le 
beton de base et le materiau de reparation.
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7. D ’autres methodes pour les applications de reparation peuvent aussi etre considerees y 
compris les coffrages permanents avec reparation par des BAP sans fibres. Cette methode 
pourrait reduire le potentiel de fissuration et assurer une qualite de surface superieure.
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APPENDIX A DRYING SHRINKAGE
Table A. 1 Proposed and modified factor correction values for all mixtures according to each
model
Concrete ACI 209 AASHTO CEB-FIP GL2000 B3
(&sh)u kvs iL K « /
The Exp The Exp The Exp The Exp The Exp
OC
780
656
1
1.1
5
0.8
1
0.7 1 0.9
SCC 935 1.8 1.3 1.1 1.1
FR-SCC
MO-S 0.25% 871 1.9 1.4 1.1 1.0
MO-S 0.30% 729 1.6 1.2 0.9 0.9
MO-S 0.50% 810 1.7 1.2 1.0 1.0
MO-S 0.75% 906 1.7 1.2 1.1 1.1
MU-S 0.50% 710 1.5 1.2 0.9 0.9
MU-S 0.75% 689 1.6 1.3 0.9 0.8
MI-MA 0.50% 866 1.8 1.4 1.1 1.1
MI-MA 0.75%
780
787
1
1.7
5
1.3
1
1.0 1 1.0
ST-PP 0.30% 791 1.8 1.4 1.1 1.0
ST-PP 0.50% 762 1.8 1.4 1.1 0.9
ST-PP 0.75% 778 1.5 1.1 1.0 0.9
ST 0.25% 759 1.8 1.4 1.0 0.9
ST 0.30% 849 1.8 1.4 1.1 1.0
ST 0.50% 839 1.8 1.4 1.1 1.0
ST 0.75% 843 1.6 1.2 1.0 1.0
Mean 799 1.7 1.3 1.0 1.0
FR-SCM
MO-S 1.40% 1547 2.8 2.0 1.8 1.8
MO-S 1.60% 1262 2.4 1.7 1.1 1.5
ST-PP 1.40% 780 1579 1 3.0 2.2 1 1.9 1 1.9
ST 1.40% 1348 2.8 2.0 1.7 1.6
Mean 1434 2.8 2.0 1.6 1.7
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A .l Predicted and modified shrinkage models vs. experimental shrinkage of FR-SCC
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Fig. A. 1 Predicted ACI 209 shrinkage model vs. experimental 
shrinkage for FR-SCC
♦ 7d ■ 28d 
56d 9 Id
600 - * 120d • 180d 
+ 390d
y = 0.76x-98.51 
R2 = 0.93
rw'Ov'"
300 600
Measured shrinkage (pstrain)
900
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900 y = 1.30x - 169.42 
R2 = 0.98
si
600 -
■5 .?
« .  a
U £
1  a. 56d 91d
x 120d • 180d 
+ 390d
300 -
0 300 600 900
Measured shrinkage (pistrain)
Fig. A.2 M odified ACI 209 shrinkage m odel vs. experim ental 
shrinkage for FR-SCC
0£
<9
e
O a
X SCfl V)
< 3<■DV
IS
900
600
300
■oe
y = 1.33x- 188.52 •
R2 = 0.98
♦ 7d 
56d
■ 28d 
91 d
x 120d 
+ 390d
• 180d
300 600
Measured shrinkage (ftstrain)
900
Fig. A.4 Modified AASHTO LFRD shrinkage model vs.
experimental shrinkage for FR-SCC
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A.2 Predicted and modified shrinkage models vs. experimental shrinkage o f FR-SCM
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Fig. A .l 1 Predicted ACI 209 shrinkage model vs. experimental 
shrinkage for FR-SCM
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APPENDIX B RESTRAINED SHRINKAGE
Table B. 1 Effect o f  parameters on eu, tcr and w cr o f  different mixture types
Response
Parameter
Enhancement (%)
s e e FR-SCC FR-SCM
tcr Wcr e u tcr W cr tcr W cr
Incorporation o f  MU-S 0 0 40 — — —
Incorporation o f  ST __ — 10 150 50 — — —
ST vs. MU-S fibers 5 150 12 — — —
Incorporation o f  SRA 10 70 25 15 to 25 240 to 780 40 to 45 15 130 0
Incorporation o f  EA 20 90 0 30 to 45 450 to 710 45 to 50 35 240 0
FR-SCM vs.SCC — — — — — — -75 to -40 -400 25 to 45
(SRA + EA) vs. EA — — — 10 . 90 30
eu : unsealed (drying) shrinkage 
tcr ■ time-to-cracking 
w cr: crack width
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APPENDIX C FLEXURAL RESPONSE AND DURABILITY
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Mean of 8 CVC @ 56 d 
and 16 CVC @ 180 d
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Mean of 8 CVC @ 56 d 
and 16 CVC @ 180 d
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Table D .l Prediction results of crack load according to ACI 318 code (non-fibrous vs. fibrous 
_____________________________________ beams)______________________________________
Beam
Calculation
Oh
s
3c
<
"S'Oh
S
Sci*.
Z.y
k.
53
3C
5
r***v
Z
'w'
&
a.
3C
U
a,
K
'n
U
$
cC
§u
s QVi
£
>
O
u
3C
Cj
$
ft,
ccau
s Q CO
V 
(%
)
CVC 37.8 3.8 25.4 48.4 45 0.93
£
(c)
CVC 1 37.8 3.8 25.4 48.4 45 0.93
0.91 0.04X>C/5 SCC 56.3 4.7 31.0 59.1 55 0.93
4
3Ou- SCC 1 61.5 4.9 32.4 61.7 53 0.86 0.89 0.04 5
IE1 SCC 57.0 4.7 31.2 59.4 50 0.84co
z (d) SCC 1 61.4 4.9 32.4 61.7 56 0.91 0.86 0.04 4
SCC3 2 57.0 4.7 31.2 59.4 50 0.84
CVC MU-S 0.5% 36.1 3.7 24.8 47.3 41 0.87
CVC ST 0.5% 42.5 4.0 26.9 51.3 63 1.23
MO-S 0.5% 55.4 4.6 30.8 58.6 58 0.99
SWC MU-S 0.5% 67.9 5.1 34.1 64.9 80 1.23
(c) MU-S 0.5% 61.1 4.8 32.3 61.5 70 1.14 1.15 0.25 22
ST-PP 0.5% 56.0 4.6 30.9 58.9 58 0.98
SWC ST 0.5% 59.0 4.8 31.7 60.5 105 1.74
ST 0.5% 55.3 4.6 30.7 58.5 60.0 1.02
C/5
E ST 0.5% 1 63.9 5.0 33.0 62.9 70 1.11eau
XI MO-S 0.3% 56.9 4.7 31.2 59.4 56 0.94
1.10 0.19 18t/3ao MO-S 0.5% 61.1 4.8 32.3 61.5 58 0.94L.X
E
MU-S 0.3% 42.9 4.1 27.1 51.6 65 1.26
MU-S 0.3% 1 50.2 4.4 29.3 55.8 73 1.31
MU-S 0.5% 60.6 4.8 32.2 61.3 59 0.96
(d) MU-S 0.5% 1 60.6 4.8 32.2 61.3 78 1.27 1.07 0.14 13
ST-PP 0.3% 58.1 4.7 31.5 60.0 55 0.92
ST-PP 0.5% 55.1 4.6 30.7 58.4 57 0.98
ST 0.3% 55.4 4.6 30.8 58.6 65 1.11
ST 0.5% 53.3 4.5 30.2 57.5 60 1.04
ST 0.5% 1 49.5 4.4 29.1 55.4 55 0.99
SCM ST 1.4% 53.5 4.5 30.2 57.6 62 1.08
1 4  ' "* .........................................  "    ‘..... 1 .................. •*........................ * ........................ 1  *................................ .— ——— An— ...........- ...*■■■" ...- ...- ...- I .... - .................fci I
(c) : monolithic beams (d) : repaired beams identical beam with previous one
‘ beam repaired with 3x20M bars COV: coefficient of variation SD: standard 
deviation
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Table D.2 Prediction results of crack load according to ACI 544 code (non-fibrous vs. fibrous
beams)
Beam
Calculation
Cl
s
✓—*\ 
2
K
as
Z
*— ■ 'c■tS3u<
a.
2
ft.
,,3-
6
>ft.
s
§ft)
s QCO
/—S
$W
>
0
u
■ iS
S  ■ QCO CO
V 
(%
)
C/3 CVC 4.1 27.5 52 45 0.86
Eca<uXi
c/3
(C)
CVC 1 4.1 27.5 52 45 0.86 0.74 0.14 18
SCC 6.8 45.5 87 55 0.63
aou. SCC 1 6.8 45.5 87 53 0.61 0.68 0.12 18
Xc SCC 6.8 45.5 87 50 0.58
co ( d ) SCC 1 6.8 45.5 87 56 0.65 0.60 0.04 7
z
SCC3 2 6.8 45.5 87 50 0.58
CVC MU-S 0.5% 5.9 39.7 76 41 0.54
CVC ST 0.5% 5.3 35.6 68 63 0.93
MO-S 0.5% 7.9 52.5 100 58 0.58
SWC MU-S 0.5% 8.9 59.2 113 80 0.71
(c) MU-S 0.5% 7.8 52.0 99 70 0.71 0.71 0.16 23
ST-PP 0.5% 6.4 42.6 81 58 0.71
SWC ST 0.5% 8.1 54.0 103 105 1.02
ST 0.5% 7.8 51.8 99 60 0.61
V3 ST 0.5% 1 9.4 62.4 119 70 0.59
C/2
3
MO-S 0.3% 8.0 53.5 102 56 0.55
MO-S 0.5% 7.9 52.4 100 58 0.58 0.65 0.14 21
OU-
X MU-S 0.3% 8.0 53.6 102 65 0.64
u * MU-S 0.3% 1 7.3 48.6 93 73 0.79
MU-S 0.5% 9.6 63.7 121 59 0.49
( d )
MU-S 0.5% 1 9.6 63.7 121 78 0.64 0.60 0.10 16
ST-PP 0.3% 7.4 49.3 94 55 0.59
ST-PP 0.5% 6.4 42.6 81 57 0.70
ST 0.3% 7.4 49.2 94 65 0.69
ST 0.5% 8.6 57.1 109 60 0.55
ST 0.5% 1 8.6 57.1 109 55 0.51
SCM ST 1.4% 10.6 70.5 134 62 0.46
(c ) : monolithic beams 
repaired with 3x20M bars
(d ) : repaired beams 
COV: coefficient of variation
identical beam beam
SD: standard deviation
353
Appendix D: Structural predictions in flexure
Table D.3 Prediction results of crack load according to CSA A23.3 code (non-fibrous vs.
fibrous beams)
Beam
Calculation
/—•s.cdIX
S'w'
ac
< f-r
im
 
(M
Pa
)
Z
K
as
Z
'w'
c
0,
Z
g.
a.
%
C
%
a.
S
§u
s QVi CO
V 
(%
)
a
5
§
Q1/5 CO
V 
(%
)
N
on
-f
ib
ro
us
 
be
am
s
(c)
CVC 37.8 3.7 24.6 46.8 45 0.96
0.94 0.04 4
0.92 0.04 5
CVC 1 37.8 3.7 24.6 46.8 45 0.96
SCC 56.3 4.5 30.0 57.2 55 0.96
SCC 1 61.5 4.7 31.4 59.8 53 0.89
(d)
SCC 57.0 4.5 30.2 57.5 50 0.87
0.89 0.04 4SCC 1 61.4 4.7 31.3 59.7 56 0.94
SCC3 2 57.0 4.5 30.2 57.5 50 0.87
C/5
£
(c)
CVC MU-S 0.5% 36.1 3.6 24.0 45.8 41 0.90
1.18 0.26 22
CVC ST 0.5% 42.5 3.9 26.1 49.7 63 1.27
MO-S 0.5% 55.4 4.5 29.8 56.7 58 1.02
SWC MU-S 0.5% 67.9 4.9 33.0 62.8 80 1.27
MU-S 0.5% 61.1 4.7 31.3 59.6 70 1.18
ST-PP 0.5% 56.0 4.5 29.9 57.0 58 1.02
SWC ST 0.5% 59.0 4.6 30.7 58.5 105 1.79
ST 0.5% 55.3 4.5 29.7 56.7 60 1.06
ST 0.5% 1 63.9 4.8 32.0 60.9 70 1.15
cd
&
MO-S 0.3% 56.9 4.5 30.2 57.5 56 0.97
C/53 MO-S 0.5% 61.1 4.7 31.3 59.6 58 0.97 1.14 0.20 18
Ot- MU-S 0.3% 42.9 3.9 26.2 49.9 65 1.30
u. MU-S 0.3% 1 50.2 4.3 28.3 54.0 73 1.35
MU-S 0.5% 60.6 4.7 31.1 59.3 59 0.99
/'H'l MU-S 0.5% 1 60.6 4.7 31.1 59.3 78 1.32 i in ft i s 1 1
ST-PP 0.3% 58.1 4.6 30.5 58.1 55 0.95
1.1U v/« 13 i  J
ST-PP 0.5% 55.1 4.5 29.7 56.6 57 1.01
ST 0.3% 55.4 4.5 29.8 56.7 65 1.15
ST 0.5% 53.3 4.4 29.2 55.6 60 1.08
ST 0.5% 1 49.5 4.2 28.1 53.6 55 1.03
SCM ST 1.4% 53.5 4.4 29.3 55.7 62 1.11
( c ) : monolithic beams ( d ) : repaired beams identical beam with previous one
2 beam repaired with 3x20M bars COV: coefficient of variation SD: standard 
deviation
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Table D.4 Prediction results of ultimate load of the investigated beams (plain vs. fibrous
beams)
Beam
Z Z
"5
a,3 £ £ £
&
3
a.
15
eC
&
3a. M
ea
n
Q
Vi
>
O
u 1 M
ea
n
Q
Vi
>o
u M
ea
n
Q
Vi
>o
u
CVC 216 144 1.50
</>
(C)
CVC 1 224 144 1.56
1.53 0.03 2<u
X) SCC 219 145 1.51
3
ou. SCC 1 223 145 1.54 1.49 0.12 8
XJ
ISf SCC 230 144 1.60
C
oz (d) SCC 1 214 145 1.48 1.43 0.19 13
SCC3 2 267 219 1.22
CVC MU-S 0.5% 239 149 1.60
CVC ST 0.5% 252 153 1.65
MO-S 0.5% 252 158 1.59
SWC MU-S 0.5% 261 156 1.67
(c) MU-S 0.5% 242 155 1.56 1.62 0.03 2
ST-PP 0.5% 249 152 1.64
SWC ST 0.5% 254 154 1.65
1.52 0.10 7
ST 0.5% 248 154 1.61
CA ST 0.5% 1 246 154 1.60
l
£
A3
MO-S 0.3% 206 149 1.38
MO-S 0.5% 213 152 1.40 1.53 0.10 6
OWmx> MU-S 0.3% 224 148 1.51
U- MU-S 0.3% 1 233 148 1.57
MU-S 0.5% 224 150 1.49
(d) MU-S 0.5% 1 226 150 1.51 1.47 0.07 5
ST-PP 0.3% 216 147 1.47
ST-P 0.5% 204 148 1.38
ST 0.3% 230 148 1.55
ST 0.5% 227 150 1.51
ST 0.5% 1 207 149 1.39
SCM ST 1.4% 224 159 1.41
Identical beam with previous one 
(c): monolithic beam (M-B)
COV: coefficient of variation
Beam repaired with 3x20M bars 
(d): repaired beam (R-B)
SD: standard deviation
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Table D.5 Prediction of crack width using ACI 318 and CSA A23.3 codes (non-fibrous beams
vs. fibrous beams)
Calculation ac
c
£ £
*
c
* £ £
>
a M
ea
n >
O
u M
ea
n >
O
u
>
£ M
ea
n >
O
u M
ea
n >
O
u
CVC 1.32 1.07
s
(c)
CVC 1 0.80 1.01 22 0.65 0.82 22X)
c/5 SCC 1.01 0.823Ou SCC 1 0.92 0.97 45 0.74 0.79 45
X SCC 0.50 0.40
c0
7 (d) SCC 1 1.73 0.92 75 1.40 0.75 75
SCC3 2 0.55 0.44
CVC MU-S 0.5% 0.57 0.46
CVC ST 0.5% 1.07 0.87
MO-S 0.5% 1.14 0.92
SWC MU-S 0.5% 0.42 0.34
(c) MU-S 0.5% 1.23 0.72 56 0.99 0.58 56
ST-PP 0.5% 0.98 0.80
SWC ST 0.5% 0.67 0.54
ST 0.5% 0.22 0.18
C /5 ST 0.5% ' 0.18 0.15
0)X> MO-S 0.3% 0.66 0.54
c / 5
3 MO-S 0.5% 0.50 0.70 50 0.41 0.57 50
OU.
X) MU-S 0.3% 0.94 0.77
& MU-S 0.3% 1 0.83 0.67
MU-S 0.5% 1.23 1.00
(d)
MU-S 0.5% 1 0.18
0.68 47
0.14
0.55 47ST-PP 0.3% 0.94 0.76
ST-PP 0.5% 1.02 0.82
ST 0.3% 0.65 0.53
ST 0.5% 0.60 0.49
ST 0.5% 1 0.42 0.34
SCM ST 1.4% 0.24 0.20
Identical beam with previous one 
(c): monolithic beam (M-B)
COV: coefficient of variation
Beam repaired with 
(d): repaired beam (R-
3x20M bars 
B)
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Table D.6 Prediction of deflection using different codes (plain vs. fibrous beams)
AASHTO [2005] ACI 318 [2011]
o
JS
<
VJS
<
4/
<
4J-C
<
Beam
XV
<1
c
03
<L>
s Qon CO
V 
(%
) XV
<J
C
cd
<U
2
Q
C/3 CO
V 
(%
) XOJ<
c
ea
<D
s Qc/n CO
V 
(%
) XCJ
<
c
03
<u
s QC/3 CO
V 
(%
)
CVC 1.29 0.20 15 1.27 0.18 14
5/5
E (C)
CVC 1 1.03 0.07 7
1.48 0.38 26
1.02 0.07 7
1.34 0.24 18Cd
X SCC 1.74 0.60 35 1.48 0.39 26
c / 5
3 SCC 1 1.85 0.75 41 1.6 0.40 25
Ou
X SCC 2.04 0.67 33 1.97 0.63 32
c
i
c ( d ) SCC 1 1.52 0.35 23 1.75 0.26 15 1.58 0.38 24 1.7 0.2 12
o
Z SCC3 2 1.69 0.37 22 1.65 0.35 21
M ean 3.12 0.43 25 2.99 0.34 21
CVC MU-S 0.5% 1.08 0.12 11 1.14 0.13 12
CVC ST 0.5% 0.90 0.11 13 0.97 0.23 24
MO-S 0.5% 1.43 0.37 26 1.47 0.38 26
SWC MU-S 0.5% 1.21 0.32 27 1.20 0.32 26
(c) MU-S 0.5% 1.24 0.22 18 1.18 0.17 14 1.34 0.34 26 1.2 0.2 15
ST-PP 0.5% 1.39 0.39 28 1.42 0.39 28
SWC ST 0.5% 1.05 0.16 15 0.98 0.14 14
ST 0.5% 1.09 0.19 18 1.10 0.19 17
C /3 ST 0.5% 1 1.25 0.43 34 1.24 0.42 33
< u
X i
MO-S 0.3% 1.65 0.39 24 1.94 0.53 27
MO-S 0.5% 1.53 0.33 22 1.59 0.36 23
3o MU-S 0.3% 1.03 0.06 6 1.07 0.09 8
u
X MU-S 0.3% 1 1.15 0.11 10 1.21 0.13 11
U n MU-S 0.5% 1.45 0.30 21 1.45 0.30 21
(d)
MU-S 0.5% 1 1.19 0.11 10
1.38 0.21 15 1.19 0.11 9 1.43 0.26 18ST-PP 0.3% 1.59 0.37 23 1.74 0.44 26
ST-PP 0.5% 1.64 0.40 24 1.68 0.42 25
ST 0.3% 1.29 0.20 16 1.40 0.25 18
ST 0.5% 1.28 0.20 15 1.30 0.20 15
ST 0.5% 1 1.24 0.14 11 1.32 0.17 13
SCM ST 1.4% 1.55 0.46 30 1.22 0.31 25
M ean 1.33 0.26 19 1.36 0.27 19
Identical beam to previous one 
2 Beam repaired with 3x20M bars
(c): monolithic beams
(d): repaired beams
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Table D.6 (cont’d) Prediction of deflection using different codes (plain vs. fibrous beams)
ACI 363 [2011]
x:
<T
JS
<
5/-C
<3
It-C
<J
Beam
c lX<u<3
<D
S QC/3
g
>
O
u
ClX
<3
cea<us Qi/3
£
>
O
u
Q.XU<1
§4)s Qon
£'w'
>
O
u
aX
<3
§us Qon
£
>
o
u
CVC 2.01 0 .7 6 38 1 .26 0 .1 6 13
</i
F (c)
CVC 1 1.59 0 .5 0 31
2.21 0.50 23
1.03 0.11 11
1.31 0.22 17
X SCC 2 .5 9 1.28 4 9 1 .44 0 .3 4 2 4
C/33 SCC 1 2 .6 4 1 .19 4 5 1.53 0 .3 7 2 4
OwX) SCC 3 .5 4 1 .74 4 9 1.77 0 .5 6 2 9
U-*ic (d ) SCC 1 2 .5 8 1.04 4 0 2.85 0.61 21 1.55 0 .3 4 2 2 1.66 0.11 7
o
Z SCC3 2 2 .4 2 0 .9 2 38 1.66 0 .3 4 2 0
M ean 4.27 1.06 42 2.98 0.32 20
CVC MU-S 0 .5 % 1.40 0 .3 0 2 2 1.23 0 .31 25
CVC ST 0 .5 % 1.41 0 .3 5 2 4 0 .9 2 0 .1 8 19
MO-S 0 .5 % 2 .1 5 0 .8 7 4 0 1 .30 0 .2 2 17
SWC MU-S 0.5% 2.02 0.68 34 1.05 0.21 20
(c) MU-S 0 .5 % 2 .1 3 0 .8 5 4 0 1.76 0.32 18 1.17 0 .2 5 21 1.12 0.12 11
ST-PP 0 .5 % 2 .0 2 0 .7 6 38 1.23 0 .1 7 14
SWC ST 0 .5 % 1.45 0 .5 2 36 1.01 0 .1 2 12
ST 0 .5 % 1.56 0 .4 4 28 1 .06 0 .1 4 13
C /3 ST 0 .5 %  1 1.69 0 .6 2 37 1.05 0 .0 9 9
J5
MO-S 0 .3 % 2 .8 6 1.28 4 5 1.77 0 .4 4 25
MO-S 0 .5 % 2 .7 9 1.15 41 1.55 0 .3 3 21
3O MU-S 0 .3 % 1.40 0 .2 6 18 1.04 0 .0 8 8u
:S MU-S 0 .3 %  1 1.70 0 .5 3 31 1.20 0 .1 2 10Pu MU-S 0 .5 % 2 .3 8 0 .8 9 38 1.58 0 .4 3 28
(d )
MU-S 0 .5 %  1 1 .79 0 .5 7 32 2.17 0.51 24 1.15 0 .0 8 7 1.42 0.26 18ST-PP 0 .3 % 2 .7 9 1 .27 4 5 1.79 0 .4 2 23
ST-PP 0 .5 % 2 .7 4 1.25 4 6 1.76 0 .4 3 25
ST 0 .3 % 2 .0 3 0 .6 2 31 1.36 0 .2 0 15
ST 0 .5 % 1.85 0 .6 0 33 1.28 0 .1 5 12
ST 0 .5 %  1 1.86 0 .5 3 28 1.29 0 .1 4 11
SCM ST 1.4% 1.86 0 .6 2 33 1.28 0 .2 4 19
M ean 2.05 0.74 35 1.34 0.23 16
CSA A23.3 [2004]
Identical beam to previous one 
2 Beam repaired with 3x20M bars
(c): monolithic beams
(d): repaired beams
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APPENDIX E CONSOLIDATION OF FR-SWC
Table E.l Protocol of mechanical consolidation of FR-SWC
VMA Slump flow (mm) Rodding + 
(3x /’r, 2x f ’sp, lxsegre- 
gation & honeycomb)
Vibration tablex 
(1 xsegregation 
& honeycomb)
Mixture No Yes 450 ± 20 550 + 20 0 5 10 15 20 20 s 25 s
SCC V V V V V V V V
V V V V V V V V
MU-S
0.5%
V V V V V V V V
V V V V V V V V
V V V V V V V V
V V V V V V V V
ST
0.5%
V V V V V V V V
V V V V w V V V
V V V V V V V V* V
V V V V V V V V* V
+ 10-mm steel rod. Cylinder cast in one layer.
* V ib r a t in g  ta b le .  C y l in d e r  c a s t  in  o n e  la y e r .
* 2x /7  + 2x f sp cylinders were also prepared.
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Table E.2 Segregation results by image analysis of SWC/FR-SWC
Rodding number/vibration time
0 5 10 15 20 20T 25T
SCC-450
Front of seg. 0 0 0 0 0 — 17
Seg. coef. (%) -8 -13 -24 -10 3 — 7
COV (%) 7 8 9 7 6 — 8
SCC-550
Front of seg. 0.0 0 0 1.0 0 — 55
Seg. coef. (%) 8 2 7 15 12 — 76
COV (%) 4 4 7 9 11 — 27
MU-S 0.5%-450-VMA
Front of seg. 0 0 0 1.1 0 — 1.7
Seg. coef. (%) -17 -4 12 -24 -22 — 19
COV (%) 13 2 5 8 11 — 7
MU-S 0.5%-550-VMA
Front of seg. 1.4 0 0.3 0.3 0 — 6.2
Seg. coef. (%) -7 7 18 18 -2 — 41
COV (%) 9 10 11 9 10 — 16
MU-S 0.5%-450
Front of seg. 0.8 0 0 0 0 — 11.3
Seg. coef. (%) 26 -7 -11 4 -25 — 55
C O V (%) 13 9 7 13 13 — 22
MU-S 0.5%-550
Front of seg. 1.1 2 0 0 0 — 9.6
Seg. coef. (%) -9 -9 -17 28 22 — 35
COV (%) 7 7 10 11 8 — 14
ST 0.5%-450-VMA
Front of seg. 0 2.3 0 0 0 1.1 3.6
Seg. coef. (%) 4 2 10 10 15 -4 32
COV (%) 3 10 4 7 9 6 12
ST 0.5%-550-VMA
Front of seg. 0 0 1.1 1.4 0.6 3.4 6.8
Seg. coef. (%) -11 4 24 -8 -1 -8 -2
COV (%) 6 3 12 7 5 6 4
ST 0.5%-450
Front of seg. 0 0 0 0 3.9 — 7.6
Seg. coef. (%) -11 -4 6 -11 23 — 22
COV (%) 7 6 8 7 10 — 11
ST 0.5%-550
Front of seg. 0.6 1.4 0.0 0.0 0.0 — 25.2
Seg. coef. (%) 7 20 20 6 28 — 117
COV (%) 7 10 10 4 11 — 38
Note: 20T and 25T refer to vibration for 20 s and 25 s
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Table E.3 Effect of consolidation energy on mechanical properties of SWC and FR-SWC
Parameter
Mixture
7 -d /’( (MPa) 7 - d /’,vp(MPa)
Number of strikes/time by vi crating tab e
0 5 10 15 20 20T* 0 5 10 15 20 20T*
SWC-450 36.7 35.8 37.1 36.7 36.2 — 4.1 4.1 3.7 4.0 3.9 —
SWC-550 35.8 34.8 36.9 35.7 34.1 — 3.8 4.0 3.7 3.9 3.7 —
MU-S-450 32.1 32.9 31.3 33.6 34.1 — 4.0 4.0 4.2 3.9 3.8 —
MU-S-550 34.9 32.1 34.0 33.6 35.9 — 4.2 4.1 4.1 4.1 4.2 —
MU-S-450-VMA 29.4 30.2 29.3 29.8 29.5 — 3.6 3.6 3.6 3.4 3.8 —
MU-S-550-VMA 30.3 30.3 29.2 31.3 31.5 — 3.3 3.1 3.3 3.6 3.5 —
ST-450 34.0 35.4 34.1 34.7 34.8 35.4 4.6 4.7 5.0 4.8 4.5 5.6
ST-550 37.1 35.4 36.0 35.5 35.4 39.0 5.3 5.8 5.1 5.3 5.5 6.2
ST-450-VMA 29.2 30.3 29.1 29.4 29.5 — 4.1 4.4 3.4 4.2 4.3 —
ST-550-VMA 31.0 32.1 31.3 31.4 30.9 - 4.5 4.2 4.1 4.1 4.2 —
20 s with vibrating table
Table E.4 Effect of consolidation energy on honeycomb surface ratio (%) of SWC and FR-
SWC
" ^ ~ ^ ~ ^ P a r a m e t e r
Mixture
Mum )er of strikes
0 5 10 15 20 20T 25T
SCC-450 15.1 5.1 7.1 5.8 6.1 1.2 15.1
SCC-550 0.9 0.6 0.6 1.8 0.2 3.3 0.9
MU-S 0.5%-450-VMA 9.1 5.6 4.5 2.9 3.5 1.9 9.1
MU-S 0.5%-550-VMA 1.8 4.1 2.3 3.1 3.8 2.3 1.8
MU-S 0.5%-450 5.5 4.1 3.6 3.5 5.7 2.1 5.5
MU-S 0.5%-550 0.8 0.8 3.1 0.9 1.4 2.4 0.8
ST 0.5%-450-VMA 4.2 7.2 6.1 5.6 4.3 2.9 4.2
ST 0.5%-550-VMA 4.2 6.1 4.0 5.3 3.9 4.1 4.2
ST 0.5%-450 8.0 8.0 4.7 4.5 3.8 2.3 8.0
ST 0.5%-550 2.3 2.8 0.9 2.3 2.8 1.1 2.3
* 20 and 25 s on vibrating table
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